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ABSTRACT 


Zero-valent iron (ZVI) is one of the most widely used engineered materials for the 
remediation of chlorinated ethenes in the subsurface environment. The material has been 
widely used in various in situ remediation technologies including Fe-permeable reactive 
barriers (Fe-PRB) and subsurface injection of nanoscale zero-valent iron (nZVI) for 
contaminant plume attenuation and source zone remediation. However, there are two 
serious drawbacks when ZVI is used for the remediation of chlorinated ethenes: (i) ZVI 
tends to undergo rapid passivation which undermines its longevity for remediation 
applications, and (ii) ZVI has low dechlorination reactivity in the absence of catalyst 
additives. Bimetallic nanoparticles (BNPs), prepared by doping a small amount of 
catalytic metals (e.g., Pd or Ni), can significantly enhance the particles’ dechlorination 
reactivity. However, BNPs suffer rapid deactivation when exposed to groundwater media, 


and the BNPs deactivation mechanisms are still poorly understood. 


The first part of this dissertation aims to investigate Ni-Fe BNPs and Pd-Fe BNPs 
deactivation mechanisms when exposing them to common groundwater solutes. Aging 
experiments were conducted by pre-immersing fresh prepared BNPs in solutions 
containing different groundwater solutes for 24 h prior to reacting the particles with 
trichloroethene (TCE) to assess their dechlorination reactivity. Analyses of reaction 
kinetics and product distribution and stable carbon isotope fractionation measurements 
suggest that Pd-Fe BNPs were sensitive to solute-induced deactivation, particularly in 
solutions containing chloride, bicarbonate, nitrate or sulfite ions. Although Ni-Fe BNPs 
possess higher electrochemical stability than Pd-Fe BNPs in the aqueous media, strong 
deactivation was observed in sulfate, nitrate, and phosphate solutions. Multiple modes of 


BNP deactivation were proposed for the two types of BNPs. 


To overcome the intrinsic limitations of conventional and bimetallic ZVI 
materials, the second part of this dissertation aims to develop a new form of ZVI with 
higher dechlorination reactivity without the use of catalyst additives and a greater 
resistance to environmental passivation. A surface sulfidation treatment was designed and 


optimized for laboratory-made nZVI and commercial ZVI. The sulfided nZVI 


Vill 
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demonstrates remarkable improvements in dechlorination rates for chlorinated ethenes. 
Aging experiments indicated that sulfided nZVI possesses greater stability and maintains 
its dechlorination reactivity over long-term aging processes. Applying sulfidation 
treatment to commercial iron results in more efficient tetrachloroethene (PCE) and TCE 
degradation. Sulfidation treatment therefore represents a simple yet promising approach 
to increase the reactivity of ZVI using earth-abundant reagents in place of precious 


catalyst metals. 
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CHAPTER ONE 
Introduction 


1.1 Overview of Zero-valent Iron Technology Development 


Zero-valent iron (ZVI) is one of the most prevalently used engineered materials 
for groundwater and soil remediation in the past three decades. Based on the particle size, 
ZVI materials are commonly divided into two categories, namely conventional ZVI (with 
particle size being tens of microns or larger), such as granular iron or iron filings, and 
nanoscale ZVI (nZVI, with particle size in the sub-100 nm range). In 1994, a study by 
Gillham and O’Hannesin first demonstrated that ZVI particles were able to degrade a 
variety of chlorinated alkanes and alkenes, and the degradation rates were three orders of 
magnitude higher than those of biotic degradation, indicating the potential application of 
ZVI for groundwater remediation '. In the following years, iron-based materials have 
been studied for treating different groundwater and wastewater contaminants, including 
chlorinated ethenes 3, organophosphates *, nitroamines *, nitroaromatics °, 
polybrominated diphenyl ethers ”°, chromium (VI) ’, arsenic (III) and (V) !°"', and 
nitrate '*!3, The first field application of ZVI for treating trichloroethene (TCE) and 
perchloroethene (PCE) in the subsurface environment was reported in 1991 at Canadian 
Forces Base, Borden, Ontario, Canada '. Subsequently, the design of permeable reactive 
barriers (PRB) by filling a underground trench installed in the flow path of a contaminant 
plume with granular ZVI or a mixture of ZVI and aquifer material has been proposed 
based on the property of iron that can treat various groundwater contaminants, and the 
implementation of ZVI-PRB has been successful at many sites in the U.S. and Canada !* 
'6 In 2002, ZVI-PRB was designated as the standard plume treatment method by the US 
Environmental Protection Agency (US EPA), and more than 200 PRB treatment systems 


have been installed in US. 


In 1997, Wang and Zhang first reported that nZ VI could degrade trichloroethene 
(TCE) and polychlorinated biphenyls (PCBs) with significantly higher degradation rates 


than conventional ZVI '’. The contaminant removal mechanisms by nZVI are considered 
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by many to be the same as with the conventional ZVI, while nZVI usually exhibits higher 
reaction rates due to size and surface area effects. It is generally accepted that because 
nZVI has a higher surface area compared to bulk ZVI, nZVI has higher adsorption 
capacities and reactivity '> '’, Another advantage of nZVI is that nZVI can be used for 
remediation of a contamination source by directly injecting the particles in the form of 
aqueous colloidal suspension to a contamination zone. Although the use of ZVI particles 
in PRB has been proven as an effective technology for near surface plume treatment, 
conventional ZVI cannot be applied to direct injection in source zones, which means that 
it is not an option for targeted containment or destruction of contaminant source zones. 
Another critical limitation undermines the long-term effectiveness of ZVI-PRB 
technology is the high cost of installation of PRB and decreased permeability due to the 
formation of iron oxidation products and biofilm growth. nZVI, owing to the diminutive 
size, has been successfully applied for direct injection into subsurface to capture the 
contaminant source, rendering it a highly flexible remediation technology for treating 
contaminated sites with complicated hydro-geological characteristics '*!?. Over the 
course of past 20 years, nZVI-based remediation technology has been developed into a 
widely used nanotechnology for environmental remediation. More than 50 pilot and full- 
scale implementations are deployed worldwide, and a considerable amount of research 
manuscripts have published '*:°. To date, the vast majority of the pioneering nZVI field 
work was deployed in the U.S., and European countries, such as Czech Republic, 
Germany, Italy, and Slovakia, are also conducting 15 field work demonstrations that are 
either full-scale implementations completed or in process 7°-*!. A pilot nZVI field test has 
been completed in Taiwan 7’, and there are several nZVI field projects being planned in 


China and other Asian countries. 
1.2 Synthesis or Production Methods of ZVI Materials 


Generally, commercial iron is placed in rotary kilns to burn off other non-metallic 
materials under a high temperature (700 - 1200°C), during which granular ZVI is 
produced 7°. nZVI can be synthesized by either “bottom-up” or “top-down” approaches. 


The “bottom-up” approach refers to the physical or chemical methods to produce the 
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nanomaterial from basic building blocks '’. The “top-down” indicates physical or 


chemical methods to breakdown or restructure a bulk material to nanoscale level particle 
28 


The “bottom-up” approach usually involves the use of a strong reducing agent. 
The reduction of ferric or ferrous salt by sodium borohydride is the most widely studied 
method within academia !7*4*5, This method can produce highly reactive nZVI, and 
nZVI and nZVI-based materials used in this dissertation were synthesized following this 


method (Equation(1)): 
4Fe3* + 3BH, + 9H,O —> 4Fe(0) + 3H,BO; + 12H*+6H, (1) 


However, this method is difficult to scale up to industrial scale production for two 
reasons: (1) the method is expensive due to the high cost of sodium borohydride, and (2) 
it involves several separation steps and produces a considerable amount of wastewater. In 
2006, Toda Kogyo Ltd. developed a method of reducing iron oxides with hydrogen gas 
under a high temperature (between 350 - 600 °C) *°. In addition, carbothermal reduction 
of ferrous iron has recently been investigated as a potential low-cost alternative to 
prepare reactive nZVI. This method involves the use of the thermal energy and reducing 
gas formed (e.g., H2) during the thermal decomposition of carbon-based materials (e.g., 
black carbon, hollow carbon, carbon nanoparticles) to drive the reduction of iron oxide 
nanoparticles 7’. Because carbon-based materials have high surface area and are 


inexpensive, this technology represents a cost-effective method for nZVI production. 


For the “top-down” approach, a precision ball-milling technique has been used to 
break down bulk iron materials into nanoscale particles. The ball-milling system usually 
uses stainless steel balls to grind the bulk iron materials. A previous study demonstrated 
that ball-milling technique is able to produce highly reactive nanoparticles 7°. A leading 
nZVI supplier, Golder Associates Inc., has used this ball-milling method to produce nZVI 
in large quantities. The ball-milling technique takes less time and consumes less energy 
compared to the hydrogen reduction method, but this technique has less control of the 


particle size. 
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1.3 Characterization of ZVI 


One noticeable difference between conventional ZVI and nZVI is the size of 
particles. Based on the previously published studies, the typical size of nZVI is much 
smaller than the size of commercial ZVI powder (e.g., Peerless™ iron, Fisher™ iron), 
but nZVI has a higher surface area. Table 1.1 summarizes the sizes and surface areas of 


some widely used ZVI and nZVI. 


X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 
analyses have been extensively used to characterize the surface compositions of ZVI 
materials. Studies indicated that the as-purchased commercial ZVI contains Fe(0) 
covered with a discontinuous and highly disordered passivation layer of iron oxides. The 
formation of iron oxides layer is related to the ZVI manufacturing process. As indicated 
in Section 1.2, commercial granular ZVI is prepared in rotary kilns. After exposing to 
these graduallu elevated temperatures, the iron is oxidized. Besides formation during the 
manufacturing process, iron oxides can also be formed due to spontaneous iron corrosion 
when ZVI is exposed to water (or moisture), or during the handling and storing processes. 


Therefore, the formation of iron oxide layer is an intrinsic property of iron materials. 


Table 1.1. Commonly used commercial mZVI and nZVI size and surface area 


Commercial microscale zero-valent iron 


Supplier Size Surface area References 
Ada Iron & Metal 1-10 mm 1.4 m?/g oa 
Connelly GPM 0.25 - 2mm 1.2-2.5 m’/g ae 
Master Builder 0.25 - 2mm 1.1 - 1.5 m’/g eos 
Peerless Iron 0.77 mm 0.87 m?/g a 
Fisher Scientific 0.15 mm 2.3 m’/g oe 
BASF < 10mm N.A. 

Nanoscale zero-valent iron 
Supplier Size Surface area References 
Toda Kogyo Corporation 70 nm 29 m?/g 38 
Laboratory synthesized nZVI 10— 100 nm 33.5 m’/g ie 
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For nZVI, the structure of particles features an Fe(O) core covered with a surface 
layer of iron oxides, which is shown in Figure 1.1. This distinct structure of nZVI is 
commonly referred to as the core-shell structure. It has been demonstrated that nZVI 
synthesized using the laboratory borohydride method has a smooth amorphous oxide 
skin*’, whereas the nZVI prepared by the H2 thermal reduction method is covered with 
crystalline oxide structures **. The average thickness of the iron oxide layer on the freshly 
prepared nZVI is around 3 nm. The formation of iron oxide layer is a complicated 
process, and the structure, morphology and compositions of iron oxide layer are 
influenced by synthesis process and storage conditions, which will be introduced in 
Section 1.5.1. In addition, the core-shell structure of nZVI has a profound impact on 
contaminant removal mechanism and removal performance, which is discussed in 


Section 1.4. 


Figure 1.1. Transmission electron microscopy (TEM) images of nZVI synthesized in our 
lab. The operational voltage of TEM is 300 kV, and magnification is 200,000 times. 


1.4 Reaction Mechanisms of ZVI with Common Contaminants 
1.4.1 Reductive Dehalogenation by ZVI 


One of the most successful engineering applications of ZVI materials is 
dehalogenation of aliphatic chlorinated contaminants in subsurface environments. 
Aqueous Fe(0) corrosion occurs spontaneously in water through an electrochemical 
mechanism, and this corrosion process involves Fe(0) dissolution owing to the corrosion 
of Fe(0) with the release of Fe** and electrons as shown in Equation (2) in the absence of 


dissolved oxygen *°. The half-reaction of dehalogenation of chlorinated contaminants is 
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shown in Equation (3), which has a standard reduction potential ranging from +0.5 V to 
+1.5 V in the neutral pH range *'. Accordingly, a strong thermodynamic driving force can 


initiate the dehalogenation reaction by ZVI materials. 
Fe(0) —» Fe*++2e E°=-0.44V (2) 
RCl+2e+H* —» RH+Cr E°=05-15V (3) 


The mechanisms of iron-mediated dehalogenation reactions have been well 
studied. It is generally accepted that the reaction is heterogeneous in nature, involving 
adsorption of contaminants at the iron surface before the carbon-halogen bonds 


breakage”. 


Specifically, this dissertation primarily focused on the reductive dechlorination of 
chlorinated ethenes by iron-based materials. Chlorinated ethenes, such as 
tetrachloroethene (PCE) and trichloroethene (TCE), are widespread groundwater and soil 
contaminants at US Superfund sites due to their extensive use as industrial solvents for 
extraction, spraying, cleaning, and degreasing “°°, PCE and TCE are reported to be toxic, 
carcinogenic, and mutagenic to human beings and animals *°, and they are also very 
recalcitrant to the natural attenuation process 4’, therefore, removing PCE and TCE from 
subsurface has been a primary environmental challenge for decades. Besides PCE and 
TCE, trans-dichloroethene (trans-DCE), cis-dichloroethene (cis-DCE), 1,1- 
dichloroethene (1,1-DCE) and vinyl chloride (VC) are other common chlorinated 
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contaminants detected in the subsurface environmen , and their accumulation is due 


to the incomplete degradation of parent compounds *”*! 


or as intermediates during the 
abiotic remediation >7>*. Furthermore, cis-DCE, 1,1-DCE and VC are more toxic, volatile, 
and difficult to remove **:°> than the parent compounds PCE and TCE. Therefore, the 
development of effective remediation technologies to remove chlorinated ethenes from 


subsurface has been an active research field for decades. 


The reductive dechlorination of chlorinated ethenes by ZVI has been extensively 
studied, and the dechlorination rates of chlorinated ethenes by nZVI were reported to be 


higher than that by conventional iron materials owing to the fact that nZVI has larger 
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specific surface areas '’. The typical pathways of reduction of chlorinated ethenes are 


summarized in Figure 1.2 based on previous studies 7 °°. 
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Figure 1.2. Chlorinated ethenes dechlorination pathway adapted from Arnold and 
Roberts . 


The reactions 1, 3, 4, 5, 7, 9, 14, 17, and 18 correspond to hydrogenolysis 
reactions (that is, successive replacement of the chlorine substituents, one at a time, by 
hydrogen), while reactions 2, 6, 8, and 10 are reductive B-elimination reactions. 
Reductive elimination reaction is one form of dichlo-elimination, in which two chlorine 
substituents are lost simultaneously from one (a-elimination) or two adjacent (B- 
elimination) carbons. Reaction 11 proceeds via reductive a-elimination, with reactions 
13, 15, 16, and 19 being hydrogenation reactions. As indicated in Figure 1.2, the 


dechlorination scheme includes hydrogenolysis, reductive elimination, and hydrogenation. 
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Previous studies have demonstrated that reductive f-elimination is the primary reductive 
pathway for PCE, TCE, cis-DCE, and trans-DCE * °°. Hydrogenolysis products were 
observed during the reduction of chlorinated ethenes (e.g., the formation of TCE during 
PCE reduction, and cis-DCE during TCE reduction) by ZVI materials, but studies have 
shown that the products of hydrogenolysis in general constitute a minor quantity 
compared to B-elimination products, suggesting that the B-elimination pathway is the 
primary reductive pathway for the reduction of PCE, TCE, cis-DCE, and trans-DCE by 
ZNVI materials 7*>’. Degradation of chlorinated ethenes by other types of abiotic materials 
has been studied as well, and the results also indicated that the primary dechlorination 
route mainly follows the B-elimination pathway **°!. Even though acetylene or 
chlorinated acetylenes are expected to be the intermediates of B-elimination, the 
accumulation of these two intermediates was rarely observed during the dechlorination 
processes 7*>°, Chlorinated acetylenes are extremely reactive and quickly decompose to 
acetylene, and acetylene can undergo coupling reactions on the metal surface ©, therefore 
chlorinated acetylenes are usually below detection limits and are rarely reported to be 
accumulated and observed in PCE or TCE reduction reactions. Importantly, previous 
studies suggested that, ethane is produced from ethene during the hydrogenation process 
on iron materials **°. However, as is discussed in Chapter 6 and 7 of this dissertation, we 
confirm that acetylene is the precursor of ethene, ethane, and other longer-chain 
hydrocarbon species (e.g., C3, C4, C5 and C6 species), while ethene is not an important 


precursor of ethane due to the very slow kinetics of ethene hydrogenation. 


Compared to trans-DCE and cis-DCE, 1,1-DCE reduction by different types of 
ZVI materials shows different reductive elimination pathways. Besides the reported B- 
elimination pathway, Arnold and Roberts showed that the reduction of 1,1-DCE 
followed a-elimination based on the analysis of distribution of products when electrolytic 


iron was used, which involves alkylidene carbene or carbeniod as the intermediates ”. 


The mechanisms of reductive dechlorination of chlorinated ethenes are different if 
different types of iron materials are used as the reducing agent. Johnson et al >” has 


summarized the dechlorination rates of chlorinated ethenes by common commercial ZVI 
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and suggested that the reduction of chlorinated ethenes were under a thermodynamic 
control, meaning the dechlorination rates increase with an increasing degree of 
halogenation because chlorinated ethenes with more halogen substituents have higher 
reduction potentials °°. However, in a study by Arnold and Roberts, the reduction rates of 
chlorinated ethenes decreased remarkably with increasing halogenation, suggesting that 
the formation of di-o-bonded surface intermediate is the rate-limiting step instead of 
thermodynamic control *. Song and Carraway used laboratory synthesized nZVI to 
conduct the reduction of chlorinated ethenes and observed a similar trend as that by 
Arnold and Roberts, yet the reduction mechanism was attributed to the catalytic 
hydrogenation involving the activation of hydrogen on the surface °°. Another important 


point is that the reduction of chlorinated ethenes by ZVI materials is a slow process. 
1.4.2 Reductive Dehalogenation by Bimetallic ZVI 


Iron-based bimetallic nanoparticles (BNPs), prepared by doping a small amount 
of catalytic metals (e.g., Ni or Pd) on the nZVI surface, can significantly enhance 
chlorinated ethenes degradation rates compared to the unamended nZVI. Previous studies 
showed that fresh prepared Ni-Fe BNPs can increase the TCE degradation rate constant 
by up to three orders of magnitude ®, and Pd-Fe can enhance the degradation rate by a 
factor of 640 compared to the unamended nZVI ©. The addition of catalytic metal on 
nZVI can adsorb the hydrogen and generate active hydrogen species © ©’. The detailed 
dehalogenation reactions by bimetallic iron-based nanoparticles can be summarized into 
three steps: (i) Fe(O) reacts with water to produce Hz, (ii) H2 is adsorbed on the catalytic 
metal and active hydrogen species (atomic hydrogen or hydride) is formed from surface- 
catalyzed dissociation of Ho, and (111) active hydrogen species initiate 
hydrodehalogenation of surface adsorbed halogenated contaminants. The reaction 
mechanisms for TCE hydrodechlorination by Pd-Fe are illustrated in Figure 1.3. In 
addition to increases in dehalogenation rates, another evident advantage of iron-based 
BNPs is their propensity to form more completely dehalogenated hydrocarbons, which 
greatly circumvents the accumulation of toxic intermediates (e.g., VC) ©”. However, 


iron-based BNPs usually exhibit rapid reactivity decline in the aqueous environment due 
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to the higher rates of iron oxidation ”° and solute-induced catalyst deactivation © ©, 
which are two serious drawbacks limiting the application of iron-based BNPs for 
groundwater remediation. 

1 
H2 TCE ethane . 


Neng ut ; TCE ethene/ © TCEHDC on Fresh Pd-Fe 
Fe** i H iA-_.ethane 


— Hs, 


Pd 


Fe oxide 


Figure 1.3. The mechanisms of TCE dechlorination by nZVI and Pd-Fe BNPs. 
1.4.3 Sequestration of Inorganic Contaminants 


In addition to halogenated hydrocarbons, ZVI has been applied to treating a 
variety of inorganic contaminants in groundwater, including heavy metals 7! 7”, As(III) 


and As(V) 7, Cr(VI) “, and nitrate ”. 
1.4.3.1 Metal Ions 


ZVI can effectively remove a variety of metal ions in the aqueous environment, in 
which both Fe(0) core and the iron oxides on ZVI materials are involved in sequestering 
different types of metal ions. For the metal ions with more positive reduction potentials 
than Fe(0) (e.g., Cu(ID) 7°, and Hg(II) 7”), the removal of metal ions by ZVI generally 
relies on the redox principle, in which species with more positive reduction potential than 
Fe(0) (En° = -0.41 V) would be sequestered in their reduced states. Metal ions with 
reduction potentials similar to or more negative than that of Fe(O) (such as Zn(II) and 
Cd(I) ”’) are retained by adsorption onto the iron oxide shell. Metal ions with Ex? 
slightly more positive than that of Fe(0) (e.g., Ni(II) and Pd(II) ’’) could be immobilized 
at the nZVI surface by both sorption and reduction. Additionally, the release of hydroxyl 
ions due to iron corrosion also favors the formation of metal-Fe hydroxide (co)- 
precipitates. Therefore, the unique structure of ZVI materials enables the ZVI to be a 


multi-functional remediation agent for heavy metals’ removal. 


10 


Texas Tech University, Yanlai Han, August 2016 


1.4.3.2 Arsenite and Arsenate 


Arsenic (As) exists in groundwater predominantly as inorganic arsenite (As(III), 
mainly as H3AsO3) and arsenate (As (V), mainly as HxAsO4 or HAsO,” at an 
environmentally relevant pH) 7°. The existence of As(III) in groundwater is a serious 
threat for safe drinking water supply due to its higher toxicity ’? and higher mobility *° in 
aquifers than As(V) species. It is important to develop effective treatment methods to 
remove As(III) from subsurface environments. ZVI technology has been demonstrated as 
an effective treatment process, which can rapidly achieve the removal of As(III) and 
As(V) in the subsurface ®!**. The As(III) removal mechanisms are related to iron the 
oxide layer on the ZVI surface. Previous research has demonstrated that As(IID) could 
spontaneously adsorb and co-precipitate on the iron oxide layer of ZVI because iron 
oxides have a high affinity for As(III) in the neutral pH range ”. The sequestration of 
As(IID) on nZVI is more complicated compared to the process on bulk ZVI, and the core- 
shell structure of nZVI plays a key role for As(III) removal, which involves adsorption, 
simultaneous oxidation and reduction, and intra-particle translocation. In general, 
oxidation of As(II]) occurs at the iron oxide shell, while the reduction of As(II]) takes 
place within the solid matrix of the particles close to the Fe(O) core of nZVI, entailing 
the diffusion of As(III) through the iron oxide layer to form an As-Fe intermetallic phase 


adjacent to Fe(0) !!8°. Accordingly, arsenic has been observed to exist in a multi-layered 


fashion within nZVI °°. 
1.4.3.3 Hexavalent Chromium 


Hexavalent chromium (Cr(VI)) is another common groundwater contaminant due 
to its widespread use in metallurgy, chemical synthesis, and wood preserving industries °”. 
Cr(VI) is extremely toxic to human beings *°, and is highly mobile in groundwater 
becuase it does not sorb appreciably to soil minerals ®’. Cr(IID) is relatively nontoxic and 
is sparingly soluble at neutral pH. The removal of Cr(VI) by ZVI mainly involves the 
reduction of Cr(VI) to CrdII) as Cr(II) hydroxide or mixed Cr(II)-Fe(II) hydroxides on 


Fe(0) surface 77+. 
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1.4.3.4 Nitrate 


Nitrate is a common contaminant detected in surface water, groundwater, and 
industrial and agricultural wastewater. Nitrate can transform to nitrite, and nitrite may 
hinder oxygen from combining with hemoglobin resulting in serious toxicity ”°, and 
nitrate can also cause eutrophication when exposed to an ecosystem ”!. Fe(0) is an 
electron donor that can initiate the nitrate reduction based on the redox reaction principle 
!2 Several published studies outlined some promising applications of nZVI for nitrate 


reduction in groundwater ?”"4 


, yet nitrate is a strong passivating agent, and the reaction of 
ZN I with nitrate at a high concentration can result in diminished reactivity of ZVI, which 


limits the application of iron materials for nitrate removal 7+”. 
1.5 Limitations of ZVI technology 
1.5.1 Passivation of ZVI 


One serious technical limitation of ZVI technology is formation of a passivation 
layer on the ZVI surface, which is inevitable for both bulk ZVI and nZVI. The formation 
of iron oxide could occur during iron manufacturing, handling, and storage, and the 
application of ZVI in aqueous environment inevitably leads to the formation of iron 
oxides. Many factors may influence the morphology, structure, and composition of iron 
corrosion products. As indicated in a Section 1.4.1, the removal of contaminants by ZVI 
involves the transfer of electrons and Fe(0) corrosion. It is generally acknowledged that 


the corrosion of Fe(0) leads to the release of Fe** !:4!:°, Fe?* 


may hydrolyze to form 
Fe(OH)» on the Fe(0) surface under anaerobic conditions *°. Magnetite (Fe304) may then 
be formed due to the oxidation of Fe(OH)2. Mixed Fe(II)/Fe(II) oxides (e.g., green rusts), 
as the intermediate to the formation of magnetite, may form under neutral pH conditions 
40 Green rusts are stable under low redox potentials only, and their oxidation commonly 
can lead to the formation of maghemite (y-Fe2O3) or lepidocrocite. Maghemite formation 
over lepidocrocite occurs due to dihydroxylation of the green rusts phase under slow 
oxidation condition. Maghemite has the same inverse spinel structure as magnetite but 


contains only Fe(III) *°. Besides the formation of iron oxides on the ZVI surface during 


ZVI corrosion in the water, commercial ZVI is usually covered with a discontinuous 
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passivation layer, the formation of which might be owing to the manufacturing, handling, 
or storing process '*:?*- 39:76, The existence of a passivation layer on ZVI surface has a 
large influence on the extent and mechanisms of contaminant removal and the reaction 
rates. Batch reactions, column tests, and field studies have confirmed that the reactivity of 
ZNVI decreased over time due to formation of iron oxide layers on the nZVI surface 


caused by the corrosion products 77** °°, 


Also, interactions of ZVI materials with common groundwater constituents may 
affect the longevity of ZVI for groundwater remediation. Common inorganic anions in 
groundwater including Cl, SO4”,, HCO, phosphate, and NOs, silica and natural organic 
matters (NOM) can affect the reactivity of iron particles. Phosphate and NO3 are 
particularly important because they can significantly undermine iron longevity and 
reactivity ’°. Even if generally low concentration in pristine groundwater, phosphate 
species may exist in a contaminated aquifer because of their functions to enhance 
bioremediation ®’. Noticeable changes in the reactivity of ZVI have been reported when 
exposing these groundwater solutes ** °°’. Possible mechanisms for solute effects on the 
reactivity of ZVI can be attributed to the following reasons: (1) competition for reactive 
sites by Fe(0)-reducible solutes that leads to the exhaustion of available reactive sites on 
Fe(0) surface (e.g., NO3°) ** 1°), (ii) formation of oxide layer that covers on the ZVI 
surface and thereby blocks access to reactive sites available Fe(0) sites on ZVI surface 
(e.g., HCO3", SOx”, phosphate, silica, NOM 7? %?:!°1) , or (iii) dissolution of the iron 
oxide layer that results in increased reactivity (e.g., Cl, HCO3, SO4” °* 1°! 1°), Reported 
by Liu ang Lowry *°, common groundwater anions (S5mN) had a minor effect on H2 
evolution but inhibited TCE reduction up to 7-fold in increasing order of Cl’ < SOu” < 
HCOs3 < phosphate. With nitrate at less than 1mM, a significant negative effect on H2 
evolution was noticed, but did not affect TCE dechlorination rate. While in the presence 


of 5 mM of NOs, TCE dechlorination and H2 evolution ceased to occur ”>. 


1.5.2 Passivation and Deactivation of Iron-based Bimetallic Materials 


Iron-based BNPs showed great degradation reactivity towards halogenated 


contaminants as introduced in Section 1.4.2. However, chemical stability of BNPs in 
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complex groundwater media is a crucial consideration in assessing the feasibility of this 
remediation technology in actual field applications. While most of the prior studies 
employed freshly synthesized Ni-Fe and Pd-Fe nanoparticles, a clear understanding of the 
effect of background constituents in groundwater on particle reactivity is not available 
thus far. An interesting contrast among different iron-based BNPs is that the deactivation 
behavior of Pd-amended iron nanoparticles (Pd-Fe BNPs) is expected to differ 
significantly from that of Ni-Fe BNPs due to the intrinsic differences in their 
electrochemical properties and in the chemical speciation of the additive metals in the 
presence of the iron material. Previous studies have observed rapid deactivation of Pd- 
amended BNPs in simple aqueous media without salt amendment ” °°. With aberration- 
corrected analytical electron microscopic characterizations, it was reported that the Pd-Fe 
particles experienced pronounced oxidation of the zerovalent iron, and the Pd(Q) sites 
originally present on the outer surface of the nanoparticles were engulfed by an extensive 
matrix of iron oxide after 24 h of immersion in an aqueous solution ’°. In comparison, 
monometallic iron nanoparticles were able to retain a significant fraction of the Fe(0) 
component for over a month in deoxygenated waters '°°. The excessively fast corrosion 
occurring in the case of Pd-Fe can cause loss of Fe(0) to unproductive reaction with water, 
leaving no stable form of reductant in the soil media for sustained contaminant reduction. 
Pd is also known to be strongly deactivated by groundwater constituents such as 
dissolved organic matter and reduced sulfur ligands '. Although the rapid deactivation 
of Pd-Fe BNPs observed in simple laboratory reaction media may be alleviated to some 
degree in real groundwater media owing to background solutes serving as corrosion 
inhibitors (e.g. dissolved silica), the intrinsic material instability of Pd-Fe in aqueous 
solutions will remain a significant barrier when promulgating the BNP technology to 


large-scale field applications. Compared to palladium (E£ HPd(l 1)/pa(o) = 9-92 V), the 
standard reduction potential of nickel (E. HNi(I 1)/Ni(o)= ~0.28 V) is close to that of iron 
CE H Fe(II) /Fe(o)= -9.44 V) (Bard et al. 1985), and one would expect that galvanic effect 


would play a less important role in the deactivation of Ni-Fe BNPs. Furthermore, in 


solutions where a strongly reducing environment cannot be established (e.g. when Fe(0) 
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is limiting or in the presence of background oxidants), a sizable fraction of nickel may 
present as Ni(ID) on the particle surface. This suggests that the chemical stability of 
surface nickel sites would be markedly different from those of Pd material. Prior studies 
have noted that Ni-Fe BNPs endured repeated cycles of reactions without significant loss 
of reactivity °°. However, as these studies were conducted in simple solutions without 
electrolytes, a detailed investigation to look at the effect of common background solutes 


on the deactivation of Ni-Fe nanoparticles is warranted. 
1.5.3 Effective Delivery of nZVI to Contaminant Sources 


As indicated in Section 1.1, nZVI can be directly injected into the subsurface to 
treat contaminant source zones. However, unmodified nZVI is inclined to undergo self- 
aggregation due to the high surface energy and strong magnetic properties '°°, which 
limits the mobility of nZVI in the subsurface. This is another serious technical limitation 
of nZVI for subsurface remediation. Elliott and Zhang demonstrated that most nZVI 
injected into the subsurface would rapidly deposit on the well screen and the remaining 
nZVI would only move a few feet before they become completely immobilized !° !°7. 
Another field study also demonstrated that nZVI particles tend to agglomerate rapidly 
after injection, clogging pores, and limiting migration. This agglomeration, along with 
the rapid corrosion of nZVI, can lead to contaminant flow bypassing the iron material 
resulting in limited contaminant degradation !°°. Strategies to overcome the 
agglomeration of nZVI have been developed, including coating nZVI surface with 
polymers, and dispersing the particles in oil-water emulsions to prepare emulsified nZVI. 


Coating of nZVI with polymers can prevent nZVI agglomeration !”, enhance 


110-112 113 


transport in porous media , and facilitate targeted delivery to contaminants 
Adsorbed polymers can produce electrosteric repulsions and mitigate the magnetic and 
van der Waals attractions between nanoparticles, thereby providing the driving forces to 
counter agglomeration and facilitating the mobility of nanoparticles in the porous 


114” Among different types of polymers, carboxymethylcellulose (CMC) and 


media 
polyacrylic acid (PAA) have been extensively studied, because studies have shown that 


these two polymers could enhance the transport of nanoparticles to the contaminant zones 
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based on the results of field tests. Bennett et al !'> conducted field test by injecting CMC- 
nZVI into the aquifer contaminated with TCE and proved that nZVI coated with CMC 


were more mobile in the aquifer. He et al. ''®'' 


conducted a pilot-test using Pd-Fe BNPs 
coated with CMC and showed that the delivery of nanoparticles to the source zones could 
be enhanced, which resulted in increased PCE and TCE dechlorination. A field study 
demonstrated a successful application of nZVI coated with PAA to treat VC 7”. One 
important finding based on the field tests indicated that reactivity of polymer-coated- 
nZVI decreased over time, yet the biotic process was boosted over the long run because 
the polymer could serve as an electron donor !'*, Besides CMC and PAA, several other 
types of polymers were studied, such as natural organic matter (NOM) !”, polystyrene 


sulfonate (PSS)!'*: 7°, polyaspartate (PAP) !”° '”5, and laboratory column tests showed 


that these polymers all could enhance the particles delivery. 


Emulsified nZVI is another method to enhance the target nZVI delivery to 
contaminant source zones. Emulsified nZVI is prepared by dispensing the nZVI in the 
emulsified suspensions, which are composed of food-grade surfactant, biodegradable 
vegetable oil, and water !21 Field tests have shown enhanced delivery effects of 
emulsified nZVI !*!"!*3, Similar field results were obtained compared to those from 
polymer coated nZVI !**: The emulsified nZVI could somehow enhance the 
bioremediation process in the subsurface based on long term monitoring, suggesting that 


the oil and surfactant served as the electron donors for the bacteria in the subsurface. 
1.6 Reductive Dechlorination of Chlorinated Ethenes by Iron Sulfide Materials 
1.6.1 Iron Sulfide Minerals Formation in the Natural Systems 


Iron sulfides are ubiquitous in the subsurface environments, and they are redox- 
active minerals that can be formed under anaerobic conditions in natural environments 
and engineered systems for groundwater remediation ©. Iron sulfides species found in 
natural environments are generally amorphous Fe(II) monosulfide (FeSam), mackinawite 
(tetragonal FeS), greigite (Fe3S4), and pyrite (FeS2) ®°. Disordered mackinawite (or FeSam) 
is usually the first iron sulfide phase generated during reaction between aqueous Fe”* and 


S* under ambient conditions '°. Pyrite is widely found in natural environments, such as 
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coastal sediments “~~”, wetlands ““’, aquifers 128 ‘and soils !?°. The transformation kinetics 


of mackinawite to pyrite relies on different factors, such as the rate of hydrogen sulfide 
formation, availability of reactive iron, metabolizable organic matter, and oxidants my 
Research has suggested that the sulfate-reducing microorganisms play an important role 
for the mackinawite-to-pyrite transformation compared to other factors '*!'°?, Besides 
mackinawite and pyrite, the formation mechanisms of other iron sulfide minerals were 
widely studied as well. FeS can transform to Fe3S4 and FeS2 through either biotic or 
abiotic pathways '°°. Greigite is the sulfur analogue of magnetite, which has a similar 
structure as inverse spinel. The greigite structure can be considered as a cubic, close- 
packed array of S atoms connected by smaller Fe atoms |”. The transformation from 
mackinawite to greigite happens during an oxidation process '*3. Studies also have shown 
that some bacteria form intracellular nanoscale level crystals of greigite (Fe3S4), and the 


precursors could be nonmagnetic mackinawite (tetragonal FeS) or cubic FeS '34!%, 


1.6.2 Remediation of Chlorinated Ethenes by Iron Sulfides or Sulfide-modified Iron 


Iron sulfides draw attention as reducing agents for chlorinated ethenes, and 
extensive studies have been conducted. Abiotic transformation of TCE and PCE by iron 
sulfides has been evaluated using pyrite (FeS2) '°°'4° and mackinawite (FeS) >? 401, 
These studies have shown that iron sulfide materials are able to degrade TCE and PCE, 
but dechlorination rates by various iron sulfides are exceedingly slow compared to ZVI 
materials. The major product is acetylene instead of the more saturated hydrocarbons 


such as ethene and ethane produced in ZVI systems >” !41-14, 


In addition to their occurrence in natural environments, iron sulfides can be 
synthesized in the laboratory. The most common approach to synthesize iron sulfides is 
via the co-precipitation of Fe(II) and sulfide ions to form FeS in the aqueous phase under 
an anoxic condition. Different types of ferrous (FeSO4, FeCl2) and sulfide salts (Na2S, 


NaHS) have been used to prepare laboratory-synthesized iron sulfide *° > ©. 


In recent years, a new biphasic structure of “Fe/FeS” nanoparticle showed great 
reactivity on TCE dechlorination compared to unamended nZVI. Kim et al 


synthesized “Fe/FeS” nanoparticles by adapting the common borohydride reduction 
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method with the co-addition of sodium dithionite, a reducing agent used widely in 
research and industrial applications !*°. TCE dechlorination experiments with this 
biphasic “Fe/FeS” nanoparticles indicated that “Fe/FeS” nanoparticles have good 
electrical conductivity and better magnetic properties compared to unamend nZVI, which 
might be the possible reasons for enhanced TCE reductive dechlorination. This argument 


is consistent with the fact that iron sulfide is a good semi-conductor !47">! 


, which might 
facilitate electron transfer to the nZVI surface. A recent published paper presented that 
sodium sulfide can also be used as a sulfidation agent to prepare highly reactive sulfided 
nZVI to enhance TCE dechlorination '°*. The author proposed that electrons are 
effectively conducted through an iron sulfide layer from Fe(0) core, the latter serving as 
the electron source, to TCE. However, no other explanations have been made to account 


for the enhanced dechlorination effects of sulfided iron, and the details concerning 


reaction pathways and product distribution have not been systematically examined so far. 
1.7 Stable Isotope Fractionation Analysis for Environmental Monitoring 


Monitoring stable isotope fractionation of contaminants is a new tool for 
assessing contaminant attenuation in natural environments. Stable isotope fractionations 
of contaminants are mainly determined by compound specific stable isotope analysis 
(CSIA), which is measured with a gas chromatography isotope ratio mass spectrometer 
(GC-IRMS). This new analytical method has been used to gain direct evidences of in situ 
biochemical/chemical degradation, including quantifying the extent of different types of 
remediation process and diagnosing the nature of degradation process (e.g., biotic or 
abotic). The isotope signatures of common groundwater contaminants during the biotic or 
abiotic remediation process have been studied, such as tetrachloroethene He, 


trichloroethene 15%: 15°18 1,1,2,2-tetrachloroethane *°, MTBE ': !6!, 


carbon tetrachloride '®*, chloroform !™, monochlorobenzene and 1,2,4-trichlorobenzene 
164 


The kinetic isotope effect associated with chemical and biochemical reactions 1s 
the key principle to monitor organic contaminant degradation. In general, chemical bonds 


are broken more easily if they contain a light isotope. In other words, molecules with 
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heavy isotopes experience slower bond breakage, and thus the heavy isotope tends to 
accumulate in the remaining parent compounds while the daughter products are more 
enrichened with the lighter isotope. However, if the degradation of contaminants is 
caused by physical processes (e.g., sorption, volatilization, diffusion), the isotope effect is 


associated with negligible isotope fractionation 1° !®, 


In CSIA, the carbon isotope signature is determined by measuring two stable 


isotopes of '*C and '°C, which yield a 53C value as expressed in Equation (4): 


5*°C (unit of %o) = ( =" — 1) x 1000 (4) 


Rstandard 


where Rsample is the '3C/'*C ratio in a given sample and Retandara is the '°C/'C ratio in the 
international standard reference material-Vienna Pee Dee Belemnite (VPDB). For many 
organic contaminants, the relationship between isotopic fractionation and the extent of 
degradation can be modeled by the Rayleigh model '°’. The Rayleigh model assumes 
constant isotope fractionation during degradation that is represented by the fractionation 
factor a. a relates the isotopic composition of a substrate at a given time, R, to the initial 
isotopic composition, Ro, and to the fraction of substrate remaining, f, through Equation 


(5): 
a (5) 


The a value is directly equivalent to the inverse kinetic isotope effect at the reactive 


site (Equation (6)), and can also be expressed as an enrichment factor, €, as in Equation 


(7): 


a “: (6) 
e = 1000 x (a—1) (7) 


where 'k and "k refer to the rate constants for bond cleavage involving the bond 
containing the lighter and heavier isotopes, respectively, and "k/"k defines the kinetic 
isotope effect (KIE). Isotope enrichment factor (¢) is a function of the bonds broken 


during degradation and has been shown to be a powerful tool for diagnosing reaction 
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mechanisms '°?, pathways '©8, and enzyme kinetics !© in biochemical reactions. However, 
in the consideration that Rayleigh model represents the overall isotope fractionation for 
the whole reaction and assumes the reaction itself as the rate-limiting step, it may not 
reflect the intrinsic isotope effect of a reaction which involves multiple steps where 
previous steps before the chemical reaction such as adsorption of a substrate to a reactive 
site are rate-limiting step. Therefore, for the chemical reactions on BNP surfaces, the 
combination of CSIA analysis and distribution of products results would gain profound 
insight on the catalytic reaction mechanisms as well as the deactivation mechanisms 


when are exposed the BNPs to the aquifer media. 
1.8 Research Objectives 


As mentioned in the previous sections, two major concerns have emerged from 
laboratory and field studies regarding the application of ZVI technology: (1) The 
reduction rates for chlorinated ethenes by ZVI materials in the absence of catalyst metals 
are relatively slow, and (2) ZVI materials tend to experience rapid reactivity loss due to 
the formation of passivation layers, which is an intrinsic property of ZVI materials. Iron- 
based BNPs, such as Ni-Fe BNPs or Pd-Fe BNPs, are highly reactive when they are 
freshly made and are used in simple aqueous solutions. Few studies have been conducted 
to investigate the deactivation mechanisms of groundwater constituents on the BNPs. The 
thorough understanding on the particles deactivation mechanisms by different 
groundwater constituents can help predict the potential influences of different 
groundwater solutes in the subsurface environments when BNPs are used for remediation. 
Accordingly, new surface treatment methods to minimize the negative influence of the 
passivation layers can lead to the effective application of ZVI materials to in situ 


groundwater remediation. 


The overarching objectives of this dissertation are to understand the deactivation 
of BNPs in different groundwater matrices and to develop a class of iron-based materials 
with improved reactivity and longevity for remediation of chlorinated ethenes to address 
the problems mentioned above. The main body of this dissertation is composed of a 


series of studies focusing on the following specific research objectives. 
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e Optimize laboratory synthesis protocol to obtain reactive nZVI and develop facile 
methods to evaluate its reactivity (Chapter II, and this paper has been published in 
Frontiers of Environmental Science and Technology). 

e Investigate the deactivation behavior of Ni-Fe BNPs in groundwater matrices through 
a combination of aqueous experiments and material and surface characterizations 
(Chapter III, published in Water Research) and examine the deactivation mechanisms 
of Ni-Fe BNPs through kinetic modeling and stable isotope fractionation analyses 
(Chapter IV, about to be submitted to Chemosphere). 

e Investigate the deactivation mechanisms of Pd-Fe BNPs in groundwater matrices 
based on kinetics, production distribution, and stable isotope fractionation analyses 
(Chapter V, Published in Applied Catalysis B: Environmental). 

e Develop a facile surface sulfidation method to prepare ZVI with enhanced reactivity 
for TCE dechlorination and investigate the mechanisms of sulfur-enhanced 
dechlorination on TCE reduction (Chapter VI, to be submitted to Environmental 
Science and Technology). 

e Evaluate the applicability ans stability of surface sulfidation treatment for different 
forms of ZVI (including both laboratory prepared nZVI and commercial ZVI 
products) in degrading various chlorinated ethenes in ambient and groundwater 
environments (Chapter VII, to be submitted to Environmental Science and 


Technology). 
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CHAPTER TWO 


Optimizing Synthesis Conditions of Nanoscale Zero-Valent Iron (nZ VI) through 


Aqueous Reactivity Assessment! 


2.1 Introduction 


Nanoscale zero-valent iron (nZVIJ) is one of the most prevalently used engineered 
nanoparticles for groundwater and soil remediation !“. Over the past two decades, nZVI 
and its variations, the latter including bimetallic nZVI and surfactant-stabilized nZVI, 
have been deployed at more than 50 pilot or full-scale remediation sites in the U.S. and 
other countries for treating underground soil and water tarnished by halogenated solvents 
and a variety of inorganic contaminants **. The most widely reported preparation method 
for nZVI is chemical synthesis via reduction of ferrous or ferric salts by strong reducing 
agents such as sodium borohydride '°. At a larger scale, production of nZVI with 
thermal reduction of iron oxides !!” and precision ball-milling '* have been reported. In 
many cases of field remediation, nZVI particles are stabilized with surfactants or 
encapsulated in silica or carbon matrices to improve dispersion of particles in the aqueous 


media and impart longer service-lives !3-"4, 


A practical question arising from the availability of nZVI in various forms and 
from different sources is whether there exist facile tests to probe the chemical 
functionality of nZVI. Material-focused characterization techniques, such as electron 
microcopy, diffraction analyses, and X-ray absorption spectroscopy have been used to 
examine the morphology, chemical composition, and internal structure of fresh or 
environmentally-aged iron nanoparticles '*!’. However, limited access to many of these 
advanced characterization instruments prohibits their general use as a screening tool for 
selecting nZVI or optimizing its production conditions. And material characteristics 


cannot be quantitatively translated to particles’ chemical reactivity. Other methods, such 


' This chapter is published as: Yanlai Han, Michael Yang, Weixian Zhang, Weile Yan. Optimizing 
synthesis conditions of nanoscale zero-valent iron (nZVJ) through aqueous reactivity assessment. Frontiers 
of Environmental Science and Engineering, 2015. Springer Nature Publishing Company. 
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as the measurement of oxidation-reduction potential (ORP) and electrochemical 
evaluations, have been used to probe the reductive property of nZVI '*!°. However, these 
methods are not contaminant-specific and are subject to interference from side reactions 
or secondary processes 7° . In this context, the use of model contaminants to assay the 
reactivity of nZVI is a desired option. An ideal probe should be able to react rapidly and 
specifically with nZVI, capable of discriminating surface passivation state, and requiring 
relatively simple analyses instrumentation. Using nitrate as a probe reactant, Liou et al. 
studied the effect of initial iron precursor concentration on the nZVI reactivity *!. Hwang 
et al. also compared the effect of different synthesis conditions by measuring the nitrate 
reduction rates *”. However, owing to the complex reaction mechanisms and a difficulty 
in assessing the distribution of nitrate reduction products, the reaction stoichiometry is 
not well defined. Furthermore, nitrate at elevated concentrations impairs the surface 
reactivity of iron by forming an oxide phase of lower electron conductivity 7*7°. This 
inherent deactivating effect complicates kinetic analysis and limits detailed chemical and 
structural information that can be gleaned from nitrate tests. In a prior study, we used Cu 
(II) ion to evaluate the thickness of the oxide layer present on the nZVI surface 7’. This 
test is based on the premise that, in an anoxic solution, copper reduction by nZVI is the 
dominant reaction, and coincidentally, the reaction is auto-catalyzed because metal 
copper deposited on the nZVI surface is able to serve as additional cathode sites 7°. 
Therefore, the reaction is rapid and its simple stoichiometry can be exploited to reveal 


structural properties. 


Solution-phase syntheses of metal nanoparticles using borohydride reduction 
reactions have been extensive studied *'°. The emergence of metal nanoparticles via 
reductive precipitation consists of three steps: (1) homogeneous nucleation, (2) growth of 
particle nuclei, and (3) ripening or agglomeration !°”?. Many synthesis parameters can 
influence the particle yield, size, morphology as well as chemical reactivity. The ratio of 
the reducing agent to the iron precursor is crucial to nuclei formation and growth. 
Excessive agglomeration of nuclei or primary particles can lead to oversized particles, 
which may undermine their reactivity, yet this can be alleviated by controlling the stirring 


speed of the precursor solution during the borohydride feeding process '°. Upon 
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formation of nascent metal nuclei, an oxide layer develops spontaneously in the presence 
of air or water, giving rise to the frequently observed core-shell structure of nZVI 77303", 
Furthermore, the oxidation rate of the metal iron core is size-dependent, implying that 
particles smaller than a critical diameter (typically on the order of single nanometers) can 
be completely oxidized within the synthesis time scale '°°*. For this reason, the contact 
time between nZVI and water during the synthesis process and the reductant feed rate are 
relevant parameters to optimize. Lastly, the yield of particles per synthesis batch depends 
on the initial concentration of iron precursor as well as the concentration of the reducing 


agent. Many of these variables are interrelated and their optimization is essential to 


obtaining highly reactive nZVI. 


The objective of this chapter is to assess the effects of synthesis conditions on the 
reactivity of nZVI prepared from the borohydride reduction method. We examined four 
pertinent experiment parameters, namely, solution stirring speed, feed rate of sodium 
borohydride, concentration ratio of borohydride to ferric ion, and initial concentration of 
ferric ion in the synthesis solutions, by adjusting them independently at multiple levels. 
The nZVI prepared under varying conditions were characterized by their reactions with 
Cu(II) and nitrate in aqueous solutions to reveal the state of particle surface passivation 
and the total reduction capacity. The synthesis conditions exerting a critical influence on 
particle reactivity are identified and their roles in nanoparticle nucleation, growth, and 
stabilization are discussed. In addition, we seek to compare the nZVI reactivity 
characteristics revealed through the nitrate and Cu(II) reduction tests and infer the 


usefulness or drawbacks of these two evaluation methods. 
2.2 Materials and Methods 
2.2.1 Materials 


Sodium borohydride (98%, Acros Organics), ferric chloride (Fisher Chemical), 
and ethanol (95%, Sigma Aldrich) are used for nZVI synthesis. Sodium nitrate and cupric 
sulfate, both of A.C.S reagent grade, were purchased from Acros Organics and MCB 
Reagents, respectively. Dilute sodium hydroxide and hydrochloric acid solutions were 


used for pH adjustment. All solutions were prepared with distilled deionized (DDI) water, 
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and the DDI water was purged with N2 for 30 min to eliminate dissolved oxygen prior to 


its use. 
2.2.2 Synthesis of nZVI 


nZVI particles used in this study were synthesized via reduction of a dilute Fe (IID) 
solution by sodium borohydride (NaBHa). The synthesis procedure follows those of the 


previous studies 7” 


except that several key synthesis variables were varied in 
appropriate ranges in order to assess their effects on the morphology and chemical 
reactivity of the resultant particles. In brief terms, a 500-ml of ferric chloride solution 
(FeCl) of varying concentration was intensely agitated with a mechanical rotary mixer 
(Cole Parmer, Model 50007-20), during which 500 ml of sodium borohydride solution 
was introduced into the ferric chloride solution at a constant feed rate using a peristaltic 
pump (Masterflex Model 07524-40). After the feeding was completed, the slurry was left 
to settle for 5 minutes. The particles were then collected by vacuum filtration and rinsed 
two times with 95% ethanol. The as-synthesized particles were stored in 95% ethanol in a 
closed HDPE container at 4'C prior to use. The dry weight of nZVI was determined using 
a halogen-lamp moisture analyzer (Ohaus MB45) and the dry solid content was found to 
remain constant during a storage period of up to four weeks. Microscopic 


characterization and reactivity assessment confirmed that the quality of the nanoparticles 


did not deteriorate during the storage period. 


To evaluate the effects of synthesis conditions on nanoparticle structure and 
chemical reactivity, we systematically adjusted four important synthesis parameters, 
namely, the stirring speed of the rotary mixer, the feed rate of borohydride solution, 
initial FeCl3 concentration, and the molar ratio of borohydride concentration in the feed 
solution to the initial concentration of ferric ions. A total of nine batches of nZVI 
particles were prepared and Table 1 displays the detailed settings used to prepare each 
batch of nZVI. Batch No. 1 represents a standard preparation protocol used in the authors’ 
former lab. The nZVI prepared under such conditions was used as a benchmark to 


compare with the other eight batches. 
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2.2.3 Solid Phase Characterization 


Fresh or reacted particles were rinsed with ethanol and dried in a N2 glove box for 
up to 48 h before solid phase characterization. X-Ray diffractogram was obtained with a 
Bruker diffractometer (Bruker D5005) with a Cu Ka radiation source at a step size of 
0.02° and a scan rate of 15 second/step. Samples for electron microscope analysis were 
prepared by dispersing a small amount of particles in ethanol, depositing 1-2 drops of 
ethanol suspension on SEM sample studs covered with conductive carbon tape or TEM 
copper grids, and allowing to dry. The morphology of fresh nZVI and those reacted with 
Cu(II) was characterized with a field emission scanning electron microscope (SEM, 
Hitachi S-4300) at a beam acceleration voltage of 3 —- 20 kV. Additional characterization 
was made on the fresh nZVI using transmission electron microscopy (TEM) (JOEL 


2000FX) at a beam energy of 200 kV. 
2.2.4 nZVI Reactivity Assessment 


In this research, Cu(II) and nitrate were selected as two model contaminants to 
diagnose the reactivity and composition of nZVI. Both reactants undergo facile reduction 


in the presence of zero-valent iron material +478 


and their analyses are relatively simple 
compared to those for halogenated hydrocarbons. These considerations make Cu(II) and 
nitrate expedient candidates for assessing the reductive properties of nZVI prepared 
through different synthesis routes or under various sets of preparation conditions. Cu(ID) 
reduction experiments were conducted in 45-ml EPA glass vials containing 40 ml of 
Cu(II) solutions of varying concentrations (50 — 1200 mg/L). Upon addition of fresh 
prepared nZVI at 0.75 g/L (dry weight), the reaction vials were closed and placed on a 
wrist-action shaker at 150 rpm at room temperature for 30 minutes. Our kinetic 
assessment suggests Cu(II) reduction was completed well within this time period. After 
reaction, samples were withdrawn and filtered through 0.2-um PTFE syringe filters 


(SLLG025SS, Millipore). Aqueous copper or iron concentrations were determined using 


an Atomic Absorption Spectrometer (AAnalyst800, Perkin-Elmer). 


In nitrate reduction experiments, 100 ml of nitrate solution at an initial 


concentration of 50 mg/L or 150 mg/L was amended with 2 g/L of fresh made nZVI (dry 
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weight). The solutions were mixed on a shaker at 150 rpm for 3 hours. Since nitrate 
reduction was considerably slower than Cu(II) reduction by nZVI, small aliquots of 
samples were taken at suitable intervals to assess the rates of nitrate removal. All samples 
were filtered using 0.2-um PTFE syringe filters before determination of nitrate 
concentrations using a UV-Vis spectrophotometric method at 220 nm with background 


correction at 275 nm as per the established nitrate analysis method *”. 
2.3 Results and Discussion 
2.3.1 Characterization of nZVI 


The size and structure of nZVI prepared using the baseline conditions (Batch No. 
1 in Table 2.1) were shown in Figures 2.1(a) and 2.1(b). The fresh made particles appear 
smooth and round-shaped with well-resolved metal-core-oxide-shell structure under TEM 
analysis. The average size of the primary particles was approximately 50 nm, although 
size distribution in the range of 20 -100 nm was observed based on inspection of a few 
dozens of particles under the microscope. SEM image reveals clustering of particles into 
micron-scale aggregates. These aggregates were not densely packed; instead, they 
assembled into an open and highly fractal structure giving rise to a large surface area 
accessible to aqueous reactions. These structural features are in agreement with similarly 
prepared nZVI reported in the literature 7”"°', After reaction with Cu(ID, the iron 
nanoparticles display a considerably different appearance as shown in Figure 2.1(c). 
Notably, cylindrical stalks with length spanning on the order of a micron were observed. 
Under the back scattered electron (BSE) mode (Figure 2.1(d)), which is an SEM imaging 
technique sensitive to atomic number contrast *', the chunky rod formation stands out as 
a brighter phase (indicated by arrows) compared to the more faint background particles, 
suggesting the former is a more electron-dense phase that can be identified as Cu(0). This 
attribution is supported by solution analysis and X-ray diffraction characterization as 


mentioned below. 
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2.3.2 nZVI Reactivity Assessment using Cu(II) as a Probe Reagent 


Figure 2.2(a) shows the trend of aqueous Cu(II) concentration in the presence of 
various doses of nZVI. In all experiments, Cu(II) concentration decreased to a stable 
level in less than 10 min. Tests conducted at higher nZVI doses attained equilibria in 
even shorter time periods (not shown in the figure). As is evident in Figure 2.2(a), Cu(II) 
concentrations in the final solutions are strongly dependent on the dose of nZVI. 
Specifically, 48% of Cu(II) was removed in the presence of 0.1 g/L of nZVI, whereas 
more than 96% and 99% uptake was observed when the iron loading was increased to 
0.25 g/L and 0.4 g/L, respectively. Solution analysis indicates that the total Fe dissolved 
into the aqueous phase correlates linearly with the amount of Cu(II) being removed 
(Figure 2.2(b)). The slope is 0.93, which is close to the stoichiometry of 1:1 in the classic 


metal displacement reaction as in Eq. (1) **: 
Cu** + Fe? > Cu? + Fe** (1) 
Cu** + Fe? + O2 > Cut + Fe(OH); (or other Fe" phases) (2) 


It has been reported in earlier studies that the reaction of zero-valent iron with 
aqueous Cu(II) solutions can produce metallic Cu or cuprous oxide (Cu2O). Based on 
XPS Cu 2p3/2 spectra and Cu auger lines, Shahwan et al. identified the primary products 
of Cu(II) reduction by nZVI or clay-supported nZVI to be cuprous oxide *”*7. Using 
similar XPS analysis, Li et al. showed that the product formed with nZVI was chiefly 
Cu(0) “+. Other studies have detected the presence of both Cu(0) and Cu(I) on the surface 
of reacted iron materials *°. Comparative experiments conducted in different aqueous 
environment using the same iron material demonstrate that the speciation of copper is 
sensitive to dissolved oxygen and the solution pH “°. Specifically, in anoxic and weakly 
acidic aqueous solutions (pH 4), only metal copper was identified with X-ray diffraction 
analysis, whereas in oxygenated water at neutral pH, Cu2O was the dominant product. 


The reactions in the presence of dissolved oxygen are described in Eq. (2). 


In this study, X-ray diffraction pattern of the solid residues, shown in Figure 2.3, 


indicates highly crystalline fec Cu(O) was formed, which is consistent with the findings of 
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“© considering that the solutions in our experiments were deoxygenated and the final pH 
was below 5. Collectively, the kinetics of Cu(II) reduction as well as the morphological 
and crystallographic characteristics of the products point to an autocatalytic nature of the 
reaction, i.e., the presence of initially formed Cu(O) forms a galvanic couple with Fe(0), 
leading to accelerated reduction of Cu(II) at Cu(O) cathode sites and oriented growth of 


Cu(0) crystallites. 


In comparison to the above, we conducted Cu(II) removal in a solution that was 
open to air (thus having a substantial amount of dissolved oxygen) and the kinetics are 
depicted in Figure 2.2(c). It was noticed that the amount of Cu(II) sequestered from this 
solution was approximately 60% of the Cu(II) removal in an equivalent experiment in 
No-purged solution (Figure 2.2(a)). The aqueous Cu(II) concentration, reaching a 
minimum at around 10 min, rebounded after 40 min, indicating re-oxidation of the 
reduced copper by dissolved oxygen and dissolution of the oxidized copper into the 
aqueous phase. To avoid complication caused by dissolved oxygen, all subsequent 


experiments were conducted in deoxygenated solutions. 


Figure 2.2 (d) shows the removal of Cu(II) by a batch of nZVI at varying ratios of 
initial Cu(II) concentration and nZVI loading. The trend resembles the results we 
reported in an early study 7’ and reveals two distinct reaction regimes. Specifically, at 
lower Cu(I])/nZVI ratios (i.e., when the iron is in excess of Cu(II) ions), uptake of Cu(II) 
from the aqueous phase correlates linearly with an increase in Cu(I]) concentration. 

Since the reaction is self-catalyzed, all Cu(O) would be removed by reductive 
precipitation in the presence of excess iron, and therefore the initial data points should 
fall on a straight line with a slope of unity. This is indeed the case found for the particular 
batch of nZVI used in Figure 2.2(d), for which a line with a slope of 0.97 fits the data 
well. However, in many cases, we observed that the slopes of various batches of nZVI 
were smaller than one, suggesting not all Fe(0) was accessible to the probe reactant even 
though iron was present at sufficient quantities. It is recognized that the nature of the 
oxide shell on nZVI imparts a large influence on the reductive properties of the particles. 


Iron nanoparticles prepared by borohydride reduction tend to form more disordered oxide 
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shell compared to particles made through mechanical means or thermal reduction *°3!4”, 


The amorphous oxide is thought to enable enhanced electron transfer and a higher 
reductive reactivity. On the other hand, exposure to aqueous media, particularly those 
with elevated concentrations of background salts such as nitrate 48,23" dissolved silica 7°, 
and phosphate ** are known to decrease the reactivity of iron by forming passivating 
oxides that are less amenable to electron passage. The outcome of such effect is a 
decrease in the chemically accessible Fe(O) phase and lower contaminant degradation 
rates. In this context, the slope of the line in the first regime of Cu(ID) reduction test can 


be used as an indicator of the nanoparticle surface reactivity. 


As the Cu(II/nZVI ratio increases, Cu(I]) removal (normalized by the dose of 
nZVI) approaches a limiting value. The maximum Cu(ID) uptake is represented by a 
dashed horizontal line in Figure 2.2(d). Because Fe(0) is consumed by copper reduction 
(Eq. 1), the limiting value of Cu(II) sequestration per unit mass of nZVI is a measure of 
the content of Fe(O) in nZ VI. We have shown earlier that, while the mass fraction of iron 
oxides is negligible in bulk ZVI materials, oxides can account for more than 10% the 
mass of iron nanoparticles 7’. The exact makeup of the metal phase and the oxide skin is 
a function of the particle size, synthesis procedure, and aging history. For instance, a 
decrease in the primary particle diameter is expected to lead to more oxidized iron being 
present in the nanoparticles due to the core-shell geometry and the fact that smaller 
particles oxidize at higher rates. Considering the above, the limiting value of Cu(ID 
removal per unit mass of nZVI reveals the chemical composition of iron nanoparticles , 
which also correlates to the total reductive capacity of the nanoparticles at the point of 


use. 


Figure 2.4 shows the Cu(II) reduction performance of nZVI prepared under 
different synthesis conditions. In reference to the classical nucleation theory, researchers 
consider that the formation of nanoparticles consists of three main phases: initial burst of 
solid seeds (also known as burst nucleation), growth, and ripening or stabilization '°?. In 
the case of preparation of metal nanoparticles using borohydride with no addition of 


surface-stabilizing surfactants, very fast formation of particle nuclei is expected 7°. This is 
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followed by increases in nuclei diameters or coalescence of multiple nuclei to form 
primary particles. As iron has a more negative reduction potential than water, the 
ripening phase involves stabilization of the freshly minted particles via growth of a layer 
of passivating oxide on the particle surface. Meanwhile, aggregation of passivated 
primary particles occurs and may continue beyond the ripening phase. As with other 
solution synthesis methods, the outcome of each step is affected by the reagent 
concentrations as well as the mixing conditions. Figure 2.4(a) shows the effect of solution 
agitation speed on nZVI reactivity as probed with Cu(II). Compared to the baseline 
synthesis protocol (nZVI Batch No. 1), increasing the mixer rotation speed from 650 to 
900 rpm poses no significant impact on the particle reactivity and its core-shell 
composition. In contrast, more gentle mixing markedly decreases the relative content of 
Fe(0) in the nanoparticles, suggesting this batch of nZVI contains a significant share of 
iron oxides. Figure 2.4(b) investigates the effect of borohydride feed rate. Increasing the 
pumping rate of the reductant into the synthesis solution by two folds (from a baseline of 
17 ml/min to 35 ml/min) resulted in a drastic decrease in the particle reactivity as well as 
the content of the metal core. Since fast delivery of borohydride favors nucleation over 
particle growth, very fine particles are likely produced in the reactor with a high 
reductant flow rate, and the particles thus formed are susceptible to rapid oxidation 
during synthesis or particle harvesting steps. In comparison, lowering the pump rate from 
17 ml/min to 6.8 ml/min did not cause significant deterioration of particle reactivity and 
its Cu(II) removal capacity. In Figure 2.4(c), the effect of concentration ratio of 
borohydride to ferric ion was evaluated. It can be seen that the baseline ratio 
([NaBHg]/[Fe**] = 5) is the optimal setting. Decreasing the ratio to 2 has a detrimental 
effect on the total amount of Fe(0) present in the resultant particles, a result to be 
expected because the system may not have sufficient NaBH, to reduce Fe** to Fe(0), 
taking into account that a fraction of the borohydride is lost to aqueous decomposition. 
On the other hand, increasing the concentration ratio of borohydride to Fe** to 8 is not 
preferred either, as both particle reactivity and the metal iron content were significantly 
compromised. The findings are similar to what we observed in the experiment with a 
higher borohydride feed rate (Figure 2.4(b)), and they can be rationalized based on the 
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knowledge that exceedingly fast or high dose of borohydride promotes the formation of 
minuscule particles, which are prone to oxidation during synthesis and particle handling 
processes. Finally, we assessed the effect of initial ferric ion concentration while keeping 
the ratio of borohydride to Fe** constant. The results are exhibited in Figure 2.4(d). For 
nZVI prepared from a lower initial Fe** concentration (0.04 M), it possesses comparable 
Cu(II) reduction capacity as the baseline particles ({Fe**] at 0.08 M). At a higher Fe** 
concentration (0.2 M), considerable loss of particle reactivity (i.e., characterized by a 
more slanting slope in the first reaction regime) and a substantial decrease in Cu(ID) 
reduction capacity was observed. A previous study attributed the significant abatement of 
nZVI reactivity under high iron precursor concentrations to the formation of oversized 
nZVI particles 7!. This argument is consistent with the particle nucleation theory as 
higher Fe** favors nanoparticle growth/agglomeration over nucleation. In all, it can be 
concluded that the reagent concentrations and the delivery rate of sodium borohydride are 
the most critical parameters affecting the quality of the nanoparticles made through the 


borohydride reduction method. 
2.3.3 nZVI Reactivity Assessment using Nitrate as a Probe Reagent 


Four batches of nZVI (Batch No. 1, 4, 7, and 8) were selected to conduct nitrate 
reduction experiments based on the knowledge that these materials have shown large 
differences in Cu(II) removal behavior compared to the reference nZVI (Batch no. 1). 
Each nZVI material was reacted with nitrate at an initial concentration of 50 mg/L and 
150 mg/L, respectively. The kinetic results are shown in Figure 2.5. In fitting the 
experimental data, it was observed that the rate of nitrate disappearance was faster than 
the classical first-order decay at the beginning of the reaction. However, close to the 
completion of these experiments, nitrate reactions nearly grounded to a halt, as is evident 
in the figures for experiments conducted at the higher nitrate concentration (150 mg/L). 
The kinetic characteristics resemble the first-order-reaction and first-order deactivation 
model reported for many heterogeneous catalysis systems >’. This model considers that 
the main reaction (i.e., nitrate reduction) follows pseudo-first-order kinetics (Eq. (3)), and 


it is coupled to a first-order deactivation term as in Eq. (4). kr and kp are first-order 
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reaction and deactivation constants, respectively, and a is a dimensionless parameter 


reflecting surface activity at different time. 
d[NO3 ]/dt = —kp[NO3 ]a (3) 


da/dt = —kpa (4) 


The experimental data were fitted to the above-mentioned model and the fitting 
parameters for different iron materials are summarized in Table 2.2. At the low nitrate 
starting concentration (50 mg/L), kris greater than kp for all batches of nZ VI. The 
baseline particles (Batch No. 1) delivered the highest nitrate reduction rate, having a kr 
value more than two folds those of the other batches. Based on the initial slopes of the 
Cu(II) reduction data, the surface reactivity of nZVI can be listed in the order of (B 
stands for Batch no.): B1 > B7 > B8 > B4. The nitrate reduction rate constant, kr, follows 
the same sequence (Table 2.2). More importantly, plotting the reactivity data of the two 
types of experiments reveal a strong positive correlation (Figure 2.6). These results 
confirm that both nitrate and Cu(II) assays are capable of measuring the surface reactivity 
of iron nanoparticles in a consistent way. At the higher nitrate concentration (150 mg/L), 
the reaction kinetics is dominated by the deactivation effect of nitrate (kp > kr for all 
particles), as a result, information related to the intrinsic reactivity of nZVI cannot be 
extracted from the experimental data. Finally, owing to the quantitative reaction of nZVI 
with Cu(II), Cu(II) reaction is able to assess the core-shell composition of nZVI. Such 


capability is not available in nitrate assessments. 
2.4 Conclusion 


In this study, the effects of synthesis parameters on the reactivity of borohydride- 
reduced iron nanoparticles were investigated. In an effort to establish a facile test 
protocol for rapid screening of many candidate nZVI materials, two model contaminants, 
Cu(II) and nitrate, were used as potential nZVI reactivity assays. The findings confirm 
that the concentration of iron precursor, borohydride feed rate, and the ratio of reductant 


to iron impose significant influences on the nature of the particles formed. Solution 
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mixing speed in the range of 280 to 900 rpm has a relatively smaller impact on nZVI 
reactivity. Furthermore, comparison between the two probe reactions suggests that the 
two systems can generate consistent inference about the surface reductive activity of 
different nZ VI materials, however, nitrate tests are valid within a small concentration 
range and are not capable of interrogating the chemical composition of nZVI due to its 


deactivating effect on the iron surface. 
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Table 2.1 Experimental conditions used to prepare nZVI evaluated in this study 


Batch Synthesis Initial FeCl Molar ratio of Stirring NaBHg feeding 

No. variable concentration NaBHsg to speed rate (mLemin™ 
adjusted (M) FeCls (rpm) ») 

if Baseline 0.08 M sea | 650 17 

2 Stirring speed 0.08 M eee | 280 Ls 
(low) 

5 Stirring speed 0.08 M | 900 17 
(high) 

4 Feeding rate 0.08 M ek 650 2s) 
(high) 

5 Feeding rate 0.08 M 521 650 6.8 
(low) 

6 Ratio of NaBH4 0.08 M aoe 650 17 
to FeCl; (low) 

7 Ratio of NaBH4 0.08 M 8:1 650 17 
to FeCl; (high) 

8 Initial FeCl; 0.2 M ol | 650 17 
concentration 
(high) 

9 Initial FeCl; 0.04 M ea 650 17 
concentration 
(low) 
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Table 2.2 Pseudo-first-order reaction rate constants (kr) and first-order deactivation rate constants (kp) of nitrate reduction 


Covnitrate = 50 mg/L Co,nitrate = 150 mg/L 
nZVI batch — kr (min'!) kp (min!) R? kr (min!) kp(min!) — R? 
1 1.5x107 2.1x107 0.986 8.6x10° 1.9x107 0.783 
4 4.8x107 9.4x10° 0.958 15x10? 2.6x10? (0.989 
q 7.3x107 1.1x107 0.954 1.2x10? 2.5x107 0.993 
8 6.9x107 1.7x10? 0.967 2.9x10° 18x10? 0.766 
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WD 674mm 3.0kV>x80k> 500nm WD14.2mm 15.0kV x20k 2um 


Figure 2.1 Morphology characterization of nZVI particles synthesized using the baseline 
conditions. (a) and (b) are TEM and SEM images of as-synthesized nZVI. (c) and (d) are 
secondary electron and back-scattered electron images of nZVI reacted with Cu(II) for 10 
min. 
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Figure 2.2 (a) Removal of aqueous Cu(I]) by nZVI in N2-sparged solutions and (b) 
release of dissolved iron into solutions after Cu(ID reaction. (c) Cu(II) removal in a 
solution open to atmosphere. (d) Cu(II) removal capacity at varying Cu(ID/nZVI loading 
ratios in deoxygenated solutions. Initial Cu(I) concentration was 200 mg/L in (a) and (c) 
and varied in the range of 50 - 1200 mg/L in (b) and (d). Dose of nZVI was 0.75 g/L in 


(d). 
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Figure 2.3 Identification of Cu(II) reduction products with X-ray diffraction analysis. 
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Figure 2.4 Cu(I]) reduction by nZVI prepared under different synthesis conditions. (a) 
Effect of solution agitation speed, (b) effect of reductant feed rate, (c) effect of initial 
Fe(IID concentration, and (d) effect of reductant to iron molar ratio. For each nZVI, the 
initial slope at low Cu/nZVI loading ratio was fitted to a straight line, and the maximum 
Cu(II) removal per unit mass of nZVI was denoted by a dashed line. 
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Figure 2.5 Nitrate reduction by nZVI of different synthesis batches. Initial nitrate 
concentration was 50 mg/L and 150 mg/L, respectively. Dose of nZVI was 2 g/L. Solid 
lines are model fit to experimental data using the pseudo-first-order reaction and first- 
order deactivation model. 
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Figure 2.6 Correlation of the initial slope of Cu(II) reduction data with kinetics of nitrate 
reduction experiments. 
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CHAPTER THREE 


Bimetallic Nickel-Iron Nanoparticles for Groundwater Decontamination: Effect of 


Groundwater Constituents on Surface Deactivation? 


3.1. Introduction 


The applications of bimetallic iron nanoparticles (BNPs) to groundwater and soil 
remediation are prominent examples of recent advancements in environmental 
nanotechnology '. The BNPs are typically comprised of zero-valent iron (Fe(0)) as the 
base metal and electron source and a small amount of a second metal (e.g. palladium and 
nickel) as catalyst additives 7°. Compared to iron alone, the presence of a second metal 
often brings about enhancement in reaction rates towards organohalides including 
chlorinated ethenes, chlorobenzenes, and polychlorinated biphenyls (PCBs) 77°. Another 
notable advantage of BNPs is their propensity to form more completely dehalogenated 


hydrocarbons * !0-!2 


, which greatly circumvents the accumulation of toxic intermediates 
(e.g., vinyl chloride). It is conceived that these beneficial effects are resulted from a 
combination of factors, including higher rates of Fe(O) oxidation and release of 
electrons!3, the ability of the metal additives to generate and store active hydrogen 


3, 10 


species ~ ’, and strong interactions between catalyst sites and contaminants to form 


surface complexes for more facile dehalogenation transformations !*'°. 


Many structural characteristics of BNPs, including size and morphology of the 
base metal particles, mass loadings of the catalyst additives, and their chemical states and 
physical distribution in the particle volume are known to influence the reactivity of BNP 
particles. Heterogeneous distribution of catalyst metals on BNP surface has been 
observed in various bimetallic systems '°'7!°, This is particularly the case for particles 
prepared via aqueous reductive deposition on pre-formed iron nanoparticles (i.e., the 


common approach for preparing Pd-Fe particles) as the reduced metal catalyst may serve 


> This chapter is published as: Yanlai Han, Weile Yan. Bimetallic nickel—iron nanoparticles for 
groundwater decontamination: Effect of groundwater constituents on surface deactivation. Water Research, 
2014. Elsevier Publishing Company. 
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as additional cathode sites catalyzing rapid reduction of the catalyst precursors, leading to 
island-like formations of additive metals instead of a uniform surface layer >> '8. Another 
common approach to produce BNPs is through simultaneous reduction (co-reduction) of 
iron and additive metal precursors by sodium borohydride in one reaction pot, which can 
result in different intra-particle distribution and dispersion of the catalysts from those 
prepared with the solution deposition method. Curiously, majority of the Ni-Fe materials 
studied in the past were produced using the co-reduction method * ©. The 
hydrodechlorination reactivity and material susceptibility to common solutes in 


groundwater for Ni-Fe prepared by different methods have not been compared explicitly. 


The chemical stability of BNPs in complex groundwater media is a crucial 
consideration in assessing the feasibility of this remediation technology in actual field 
applications. While most of the prior studies employed freshly synthesized Ni-Fe 
nanoparticles, a clear understanding of the effect of background constituents in 
groundwater on particle reactivity is not available thus far. An interesting contrast among 
different iron-based BNPs is that the deactivation behavior of Pd-amended iron 
nanoparticles (Pd-Fe BNPs) is expected to differ significantly from that of Ni-Fe BNPs 
due to the intrinsic differences in their electrochemical properties and in the chemical 
speciation of the additive metals in the presence of the iron material. Previous studies 
have observed rapid deactivation of Pd-amended BNPs in simple aqueous media without 
salt amendment * '*. With aberration-corrected analytical electron microscopic 
characterizations, it was reported that the Pd-Fe particles experienced pronounced 
oxidation of the zerovalent iron and the Pd(Q) sites originally present on the outer surface 
of the nanoparticles were engulfed by an extensive matrix of iron oxide after 24 h of 
immersion in an aqueous solution '°. In comparison, monometallic iron nanoparticles 
were able to retain a significant fraction of the Fe(0) component for over a month in 
deoxygenated waters °°:*!, The excessively fast corrosion occurred in the case of Pd-Fe 
can cause loss of Fe(0) to unproductive reaction with water, leaving no stable form of 
reductant in the soil media for sustained contaminant reduction. Pd metal is also known 
to be strongly deactivated by groundwater constituents such as dissolved organic matter 


and reduced sulfur ligands 7”. Although the rapid deactivation of Pd-Fe BNPs observed in 
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simple laboratory reaction media may be alleviated to some degrees in real groundwater 
media owing to background solutes serving as corrosion inhibitors (e.g. dissolved silica), 
the intrinsic material instability in Pd-Fe will remain a significant barrier when 
promulgating the technology to large-scale field applications. Compared to palladium (En, 
padn/Pao)” = 0.92 V), the standard reduction potential of nickel (Eu, niany/nicoy® = -0.28 V) is 
close to that of iron (Eu, FeanyFe()° = -0.44 V) (Bard et al. 1985), and one would expect 
that galvanic effect would play a less important role in the deactivation of Ni-Fe BNPs. 
Furthermore, in solutions where a strongly reducing environment cannot be established 
(e.g. when Fe(0) is limiting or in the presence of background oxidants), a sizable fraction 
of nickel may present as Ni(I]) on the particle surface. This suggests that the chemical 
stability of surface nickel sites would be markedly different from those of Pd material. 
Prior studies have noted that Ni-Fe BNPs endured repeated cycles of reactions without 
significant loss of reactivity **. However, as these studies were conducted in simple 
solutions without electrolytes, a detailed investigation to look at the effect of common 


background solutes on the deactivation of Ni-Fe nanoparticles is warranted. 


In this study, we prepared Ni-Fe BNPs via two widely adopted synthesis 
approaches, namely, (1) co-reduction of Ni(II) and Fe(III) in borohydride solutions, and 
(ii) deposition of nickel on pre-formed Fe(O) nanoparticles. Three different nickel salts 
were used in these methods to evaluate their effects on the reactivity of the resultant 
particles. The as-synthesized particles were immersed in solutions amended with 
groundwater anions and/or dissolved organic matter for a period of 24 h. We then 
assessed the reactivity of the particles through batch reactions with trichloroethylene 
(TCE), a prevalent groundwater contaminant. Analysis of reaction kinetics and product 
distribution in conjunction with microscopic and surface chemistry characterizations 


allows us to probe the nature of the catalytic sites and the causes of their deactivation. 
3.2. Materials and Methods 
3.2.1. Preparation of Nanoparticles 


Ni-Fe BNPs were synthesized using two approaches. The first approach involves 


the reduction of an aqueous solution of Fe(III) (FeCls, Fisher) and Ni(II) with sodium 
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borohydride (NaBH, Acros Organics) as described in several previous studies > 4, 
Briefly, 6.5 g of FeCl3 (corresponding to 0.08 M) and an appropriate amount of Ni(II) salt 
were dissolved in 500 mL of distilled de-ionized (DDI) water and ethanol mixture (1:1, 
v/v). 500 mL of NaBHg solution (0.4 M) was introduced into the metal precursor solution 
at approximately 17 mL/min under intensive mixing. The particles thus obtained are 
referred to as co-reduced particles (denoted with a prefix of CR-). In the second method, 
monometallic Fe nanoparticles were synthesized first via reduction of an Fe(III) solution 
by sodium borohydride, following similar settings as the first method. The freshly 
prepared Fe nanoparticles were then added into a Ni(II) solution in 30:70 (v/v) 
ethanol/water mixture and mixed for 30 min. The particles formed are denoted as solution 
deposited (with a prefix of SDP-) bimetallic nanoparticles. In this study, Ni(II) was from 
one of the three Ni(II) salts (NiSO4, Aldrich; NiCl2-6H20, Alfa Aesar; and Ni(CH3COO))p, 
Aldrich) and its concentration with respect to Fe(II) was fixed at 2 wt.% in all synthesis 
batches. DDI water used in all procedures, including particle synthesis, aging and TCE 


experiments, was deoxygenated by N2-purging. 
3.2.2. Aging Experiments 


Aging experiments were conducted in 45-mL EPA glass vials containing 30 mL 
of deoxygenated solutions amended with a groundwater solute at 0.1-5 mM. Stock 
solutions of chloride, bicarbonate, nitrate, phosphate, sulfite, and sulfate were prepared 
from their sodium salts. Stock solution of humic acid (Sigma-Aldrich, used as received) 
was prepared at 50 mg/L and was ultrasonicated for 10 min prior to use. The initial pH of 
the solutions was adjusted with dilute NaOH or HCI to between a range of 8.1-8.3 to 
simulate the typical pH values encountered in groundwater. An appropriate amount of 
freshly made BNPs was added into each solution at 1-3.3 g/L (dry weight) and the vial 
was sealed and agitated on a mechanical shaker for 24 h at room temperature (22 +/- 1 
°C). The aged particles were collected by vacuum filtration and were used immediately in 
TCE degradation experiments. The solutions after aging experiments were analyzed for 
dissolved metal concentrations using an atomic absorption spectrometer (Perkin Elmer 


AAnalyst 800). 
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3.2.3. TCE Experiments 


TCE dechlorination experiments were performed to compare the reactivity of 
fresh and aged BNPs. All batch experiments were conducted in 45-mL EPA vials 
containing 30 mL of aqueous solution and the balance as headspace. Experiments were 
performed with fresh or aged nanoparticles added at 1- 3.3 g/L (dry weight) and an initial 
concentration of TCE at 50 mg/L. Control experiment without nanoparticles was 
performed in parallel. The vials were capped with Teflon Mininert valves and placed on a 
mechanical shaker at 250 rpm at room temperature. Periodically, an aliquot (25 - 50 uL) 
of headspace gas was withdrawn using a gastight syringe and analyzed for TCE 
concentrations using a GC system (Agilent 6890) equipped with a Supelco SPB 624 
capillary column and an electron capture detector (ECD). The amount of TCE in the 
solution was deduced from its concentration in the headspace using Henry’s constant. 
Reaction intermediates and products were identified using a GC system (Thermo 
Scientific TRACE GC Ultra) with an Agilent PoraPlot Q column and a flame ionization 
detector (FID). Direct headspace injections (200 -500 uL) were made and concentrations 


were calibrated using commercial standards. 
3.2.4. Material Characterization 


Nanoparticles were dried immediately after synthesis or aging treatments in a 
glove-box purged with high purity No for up to 48 h. The dried solids were stored in N2- 
fillled gastight vials prior to analysis. High resolution X-ray photoelectron spectroscopy 
(HR-XPS) analysis was performed on a PHI 5000 Versa Probe system using a 
monochromated AlKa radiation. Sample preparation follows the procedure we described 
previously 7°. High-resolution scans were acquired at a 45° takeoff angle and 150 eV pass 
energy. The software package CasaXPS (Version 2.3.16PR1.6) was used for HR-XPS 
spectral analysis. The binding energy was referenced to the Cls peak of adventitious 
carbon at 284.6 eV. Detailed curve-fitting procedure is in the Supporting Information. 
Morphology of the particles was characterized with a transmission electron microscope 


(JOEL 1200 EX) using the conventional bright-field imaging mode at 75 — 200 kV. 
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3.3. Results and Discussion 
3.3.1. Reactivity of Fresh Ni-Fe BNPs 


Ni-Fe particles were commonly produced in laboratories by co-reduction of 
aqueous mixture of Fe(II) or Fe(III) and Ni(II * !” or by reacting pre-formed iron 
nanoparticles in Ni(II) solutions ~°. It is difficult to compare the quality of particles 
reported in those studies because of different synthesis conditions and Ni loadings 
employed. In the present study, we prepared co-reduced (CR-) or solution deposited 
(SDP-) Ni-Fe BNPs at a fixed Ni content (2 wt.%) under similar reaction settings. Figure 
3.1 shows TEM images of freshly synthesized CR-Ni-Fe and SDP-Ni-Fe, respectively. 
The fresh CR-Ni-Fe appears similar to undoped Fe characterized in prior studies in that 
particles generally assume a spherical shape and are aggregated into small clusters or 
chains. Each primary particle consists of a well-defined dark phase in the center 
surrounded by a continuous skin of lighter contrast, corresponding to the metallic iron 
(Fe(0)) and a passivating layer of iron oxide, respectively. The similarity in electron 
density of Ni and Fe precludes us from identifying the location of Ni dopants in the 
nanoparticles and this will be investigated later using HR-XPS analysis. In comparison to 
co-reduced particles, SDP-Ni-Fe contains a significant amount of acicular structures 
covering the surface of the particles, which resembles solution-formed ferric 
(oxyhydr)oxides. Their formation can be explained by the particle synthesis method, 
since solution deposition of Ni involves a metal replacement reaction (Ni(II) + Fe(0) > 
Ni(O) + Fe(I])) that leads to dissolution of Fe(II) and its subsequent oxidation and 
precipitation as ferric (oxyhydr)oxides. Figure 3.1(c) depicts CR-Ni-Fe particles aged in a 
5 mM phosphate solution for 24 h. No significant change in morphology with respect to 
the fresh particles can be discerned, although interestingly these particles were virtually 


inactive as will be discussed in a later section. 


Figure 3.2 shows TCE degradation with different fresh Ni-Fe particles. TCE 
concentration was reduced to less than 55 g/L within 90 min in all experiments. Table 
3.1 tabulates the mass-normalized pseudo-first-order reaction rate constants 27 km, Which 


were obtained by normalizing the apparent reaction rate constants by the mass 
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concentration of the particles. km values of fresh Ni-Fe BNPs exceed that of the 
monomenmtallic iron (inset of Figure 3.2) by more than two orders of magnitude and are 
comparable to as-synthesized Pd-Fe BNPs at a similar metal additive loading '°, 


confirming that Ni is an efficient dehalogenation catalysts for chlorinated ethenes. 


The concentration of Ni (as atomic percentage) on the surface of particles was 
analyzed by HR-XPS (Table 3.2). It is noticed that the near-surface Ni content suggested 
by HR-XPS data is considerably lower than the nominal Ni mass fraction (2 wt.%), 
which is attributed to the deposition of iron oxides on the particles during the synthesis 
processes. Fresh SDP-Ni-Fe seems to carry higher Ni content on the surface than co- 
reduced particles. The difference, however, does not translate to obvious difference in 
reaction rates. Lastly, Ni precursors do not seem to impose a significant effect on the 
reactivity of the resultant particle, and for this reason nickel acetate was used in all 


subsequent experiments. 
3.3.2. Mildly Deactivating Groundwater Solutes 


The reactivity of Ni-Fe BNPs after 24 h of pre-immersion in various groundwater 
solutes was evaluated with TCE batch experiments. Figure 3.3 shows the decrease in 
aqueous TCE concentration after addition of aged CR-Ni-Fe nanoparticles. Based on the 
km of TCE dechlorination, the groundwater solutes can be classified into two groups: the 
mildly deactivating solutes (Figure 3.3a) and species that strongly inhibit surface 
reactivity (Figure 3.3b). Particles aged in DDI water and 5 mM of Cl, HCOs’, and SO3” 
exhibited mild decreases in reactivity (km = 0.62 — 1.6 x 10° L/g-min) relative to the 
freshly made CR-Ni-Fe particles (Table 3.1). The rate constants of HCO3 and SO3* are 
essentially equivalent to that of the DDI-aged particles within experimental uncertainty. 
Cl has a moderate deactivating effect on Ni-doped iron nanoparticles, resulting in 
approximately 40% decrease in km compared to particles aged in pure water. Stable 
reactivity in the presence of SO3~ and CI ions is a notable strength of the Ni-Fe material 
considering their prononced deactivating effects on Pd-based catalyst materials. The 
presence of aqueous sulfite and sulfide species is known to lead to pronounced poisoning 


of Pd catalysts °?!. Elevated concentrations of halide ions such as CI’ and Br are able to 


69 


Texas Tech University, Yanlai Han, August 2016 


form stable complexes with Pd and diminish its reactivity |! *? 


, giving rise to an 
undesired self-inhibition mechanism when chloride ions are produced as by-products of 
TCE reduction. Another potent deactivator of Pd catalysts is the ubiquitous dissolved 
organic carbon (DOC) ***4. In the present study where humic acid (HA) was used as a 
surrogate of DOC, we did not observe an appreciable inhibitory effect of HA, implying 
Ni and Pd catalysts are considerably different in terms of material stability in 


groundwater matrices. 


Figure 3.4 shows distribution of reaction products from TCE dechlorination 
reactions. For fresh CR-Ni-Fe, continuous decrease in TCE concentration was 
accompanied by the formation of predominantly ethane and relatively small quantities of 
ethene and acetylene. These species plus minor products such as C4 carbons (e.g. n- 
butane) sum up to a final carbon recovery around 95% (Figure 3.4a). To compare product 
distribution among different nanoparticles, we determined ethane yield, Yethane, which is 
the molar ratio of ethane formed to total products as two-carbon equivalents at 90% 
removal of TCE. As listed in Table 3.1, Yetnane of the as-synthesized Ni-Fe and 
monometallic Fe nanoparticles are 0.80 and 0.07, respectively. The large Y ethane attained 
through the use of fresh Ni-Fe nanoparticles attests to the notion that surface amendment 
of iron nanoparticles with a small amount of Ni greatly favors the formation of saturated 
hydrocarbons. We also did not observe noticeable levels of chlorinated intermediates, 
such as dichloroethylenes (cis-, trans- and 1,1-DCEs) and vinyl chloride (VC), in the Ni- 
Fe systems, which are in consistency with other studies employing Ni-Fe bimetallic 
materials * *°, Aging of CR-Ni-Fe in a mild deactivating media (5 mM CI) gave a similar 
product distribution (Yethane = 0.69) as the fresh particles (Figure 3.4b), indicating that the 
CI ions in the background matrix does not impose a strong deactivation effect on the Ni 


sites. 
3.3.3. Solutes with Strong Deactivation Effects 
Pre-exposure of CR-Ni-Fe to 5 mM of NO3, SO4”, and phosphate (predominantly 


as HPO,” under the experimental pH) caused severe loss of reactivity as shown in Figure 


3.3b. In the presence of NO3 and SO4”, TCE was degraded progressively, although at 
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considerably slow speeds. The reaction rate constants of particles exposed to the two 
solutes are approximately an order of magnitude smaller than that of the fresh particles. 
With particles aged in a 5 mM phosphate solution, a drop in TCE concentration was 
noticed in the first 1 h, however, no further attenuation in TCE concentration nor product 
formation could be observed during the remaining experiment period (Figure 3.4c), 
implying aging in 5 mM of phosphate solution has resulted in near complete surface 
deactivation. To evaluate the effect of solution concentrations on the extent of particle 
deactivation, aging was conducted in SO4” and HPO” media at lower concentrations. 
Figure 3.5 shows that the degree of deactivation increases gradually with increasing SO1” 
concentration from 0.1 to 5 mM, whereas there is a more sharp reduction in reactivity 
with increasing HPO,” concentration within the same concentration range (Figure 3.6). 
Therefore, Ni-Fe particles are most susceptible to phosphate species among the common 
anions present in the groundwater media. The threshold phosphate concentration before 
the onset of complete deactivation is between 1 - 3 mM. To understand whether the 
severe loss of reactivity in phosphate solutions took effect gradually during the exposure 
period, we spiked 5 mM HPO,” into a TCE solution with fresh Ni-Fe particles and 
observed the reaction rates after phosphate injection. Surprisingly, the results are similar 
to those of the pre-aged particles (Figure 3.6), confirming that deactivation of Ni-Fe 
BNPs occurred almost instantaneously after Ni-Fe BNPs were in contact with phosphate 
ions. Similarly, we observed that the deactivation caused by SOx” ions was triggered 
within the initial stage of contact. NO3, however, requires prolonged exposure before its 


inhibitory effect was manifested (data not shown). 
3.3.4. Deactivation of SDP-Ni-Fe BNPs 


It is noticeable in Figure 3.7 that some common behaviors are shared by the SDP- 
and CR-Ni-Fe BNPs. The particles aged in DDI water for 24 h retain most of the 
reactivity as the fresh particles. Cl, HCO3°, and SO37 brought about moderate inhibition 
effects, as they did for the CR-Ni-Fe. Particles aged in SO4and HPO,” solutions 
possessed the lowest reactivity. Based on the experimental results, the extent of inhibitory 


effects of different groundwater solutes on SDP-Ni-Fe nanoparticles towards TCE 
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dechlorination is in the increasing order of: DDI < Cl < HCOx < SO3* < SO4? = 
phosphate. In spite of similarity, SDP-Ni-Fe and CR-Ni-Fe show some noticeable 
differences in their deactivation behaviors. SDP-Ni-Fe particles were more severely 
impaired than CR-Ni-Fe in Cl’, HCO3, SO37 and SO” media, although the reactivity of 
the two types of particles aged in DDI water are similar. Higher susceptibility of 
solution-deposited particles to groundwater solutes is likely related to more Ni being 
exposed on the exterior surface of the particles, as discussed in the surface analysis 
section below. Both types of particles suffered virtually complete deactivation in 
phosphate media, implying the deactivation mechanism of phosphate ions is independent 


of the synthesis route and surface distribution of Ni species. 
3.3.5. Surface Chemistry Analysis with XPS 


Figure 3.8 shows the Ni 2p3;2 HR-XPS spectra of CR-Ni-Fe materials. The peak 
at 852.2 eV was assigned to metallic nickel (Ni(O)). The metallic phase also gives a broad 
satellite at ca. 858.7 eV due to energy loss to surface plasmon *°. The spectra of Ni(II) 
species contain two broad envelopes at 855.6 eV and 861.8 eV, respectively, 
corresponding to Ni(II) multiplet structures arising from interactions between unpaired d 
electrons °°. We did not attempt to resolve these component peaks given that the 
intensities of Ni2p3;2 XPS signals are fairly weak. The line shapes and peak positions 
appear to be similar to the spectra of Ni(II) in a hydroxide environment (Ni(OH)>) *° *”. It 
can be seen in Figure 3.8a that the surface of fresh CR-Ni-Fe is predominantly Ni(ID). 
Ni(O) constitutes a minor fraction (ca. 11 at%) of the surface Ni sites. This finding sets up 
an interesting contrast with Pd-Fe BNPs, where Pd was reported to deposit on the iron 
surface primarily as Pd(0) !*. Sputtering the fresh CR-Ni-Fe particles with argon plasma 
for 2.5 min, corresponding to a sputtering depth of ca. 4 nm, reveals a large increase in 
the Ni(0) component (Figure 3.7(b)), which implies Ni(O) is more enriched in the interior 
structure than being at the surface. Upon aging in a deoxygenated DDI solution, all 
surface Ni(0) was oxidized to Ni(II) state (Figure 3.7(c)). Since we have deliberately 
avoided exposing the samples to atmosphere during sample drying and preparation stages 


(as mentioned in Materials and Methods), the results reflect the chemical states of Ni 
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formed in the respective solution media. Furthermore, the prevalence of Ni(ID) on the 
external surface of fresh and DDI-aged particles is consistent with theoretical 
considerations since the redox potential of Ni(ID/Ni(0) favors the formation of Ni(ID) at 


the interface in contact with aqueous solutions. 


Figure 3.9 shows the XPS analysis of various types of SDP-Ni-Fe particles. The 
fresh SDP-Ni-Fe contains Ni(II) but no Ni(Q) on the surface (Figure 3.9a). Upon 2.5 min 
sputtering treatment, the XPS signals of nickel were greatly attenuated (Figure 3.9b), 
indicating that Ni was residing predominantly on the surface of the particles. The spatial 
distribution and speciation of nickel are in line with the particle synthesis history. Li et al. 
have observed that reactions of Ni(II) solutions with iron nanoparticles consist of rapid 
adsorption of Ni(ID) followed by a slow conversion of surface-bound Ni(II) to Ni(O) over 
a period of 24 h, even though a large stoichiometric excess of Fe(0) was present in the 
system *”. In this study, since we employed a relatively brief mixing time of 30 min 
during the solution deposition process, the formation of Ni(0) would have occurred to a 
limited extent. The XPS data is consistent with this prediction. Although only a small 
amount of Ni(0) was present, the fresh SDP-Ni-Fe exhibited excellent reactivity 
comparable to co-reduced counterparts. This interesting behavior suggests that TCE 
dechlorination rate is not limited by the amount of nickel catalysts, but likely controlled 
by other processes such as diffusion of reactants through the surface oxide layer and/or 
adsorption at active sites. The lack of a strong correlation between particle reactivity and 
the mass quantity of catalytically active species has been observed in other studies, which 
reflects complex processes involved in heterogeneous catalysis reactions *°. Furthermore, 
in the case of bimetallic iron nanoparticles, an increase in catalyst doping may result in 
more severe iron oxidation and greater surface passivation and thereby may not translate 


to more favorable particle reactivity *!. 


Lastly, Figure 3.9c presents the spectrum of the SDP-Ni-Fe aged in a phosphate 
solution. No significant attenuation of the Ni 2p3/2 photoelectron signals was observed 
after phosphate treatment, thereby ruling out deposition of iron oxidation products as the 


main cause of particle deactivation in phosphate solutions. This XPS data also 
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corroborates with the TEM images of the fresh and phosphate-aged particles (Figure 3.1c) 
in which the two types of particles were shown to have similar morphology. This insight, 
in conjunction with the experimentally observed immediate deactivating effect of 
phosphate, favors a deactivation mechanism involving specific poisoning of the catalyst 


sites by phosphate ions via formation of strong complexes. 
3.3.6. Reaction Pathway and Deactivation Mechanisms 


Both metallic nickel or nickel(II) compounds (e.g. sulfide or oxide form of Ni(II)) 
are widely applied in commercial catalysts for hydrodechlorination and hydrotreating 
applications *”: 47. The degradation mechanisms of chlorinated ethylenes on transition 
metals or metal oxides are generally described as involving the chemical adsorption of 
the contaminants to form di-o-bonded surface complexes, breaking of C-Cl bonds via 
hydrogenolysis or B-elimination, and subsequent hydrogenation of acetylene or ethene to 
ethane “4, Comparing the km of TCE removal and product distribution for monometallic 
Fe and Ni-Fe nanoparticles, nickel seems to catalyze both the hydrodechlorination and 
hydrogenation processes. The absence of lesser chlorinated intermediates and the 
emergence of C4 compounds in the product stream indicate that B-elimination is a more 


important pathway than step-wise hydrogenolysis. 


The prevalent speciation of nickel as Ni(II) in Ni-Fe BNPs greatly decreases the 
galvanic effect between the Fe(0) and the catalyst additive. Therefore, in contrast to 
palladized iron particles that causes rapid corrosion of Fe(0), Ni-Fe BNPs are expected to 
be able to sustain reactivity in simple aqueous solutions for longer periods of time. In 
water with high levels of electrolytes, Ni-Fe BNPs have shown good resistance to species 
known to deactivate noble metal catalysts, such as CI, SO3~,, and HA. However, Ni-Fe 
BNPs are sensitive to high levels of NOx, SO,” and phosphate ions. Earlier studies 
attribute nitrate-induced deactivation to the formation of less reactive oxide phase oer. 
which is supported by our XPS analysis showing a significant decrease in surface Fe(0) 
content after aging in a nitrate solution (Table 3.2) and by our observation that 
deactivation requires extended immersion in nitrate solutions. Both SO4” and phosphate 


may impede the reactions by forming complexes with surface iron and nickel species. In 
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both cases, deactivation was observed upon immediate contact with the respective ions. 


The strength of the deactivation agents seem to be in line with the stability constants of 


the Ni(II) complexes with sulfate or phosphate ligands (Eq. 1-2) *”. 
Ni** + SO4* < NiSO.° logB = 2.3 
Ni** + HPO. <> NiHPO.° logB = 15.4 


Our equilibrium calculation indicates that, at the dose of particles used in this 
study and assuming all nickel is present at the surface accessible to surface complexation, 
approximately 90% of nickel sites would be in phosphate complexes if the solute is 
present at | mM, whereas only 67% of the nickel sites would be engaged in complexes at 
the same concentration of sulfate. This result agrees reasonably well with the 
experimentally observed declines in particle dechlorination activity in the respective 
solutions. It is worth noting that palladium catalysts have been reported to be unaffected 
by phosphate ions 7’, which can be rationalized based on the fact that palladium is 
predominantly in the metallic state. Metallic palladium is a considerably soft Lewis acid 
and does not interact with phosphate as strongly. Majority of the nickel, on the other hand, 
is present as Ni(II) on Ni-Fe due to the electrochemical character of the bimetallic 
material, hence Ni-Fe particles are prone to poisoning by hard ligands such as sulfate and 
phosphate ions. It should be noted that in actual groundwater systems where the 
concentrations of both the Ni-Fe particles and the deactivating solutes may be lower, the 
debilitating actions of solutes may be affected by other dominant surfaces such as silica, 


iron or manganese oxides and require further investigations. 
3.4. Conclusions and Environmental Implications 


Results presented in this study show that as-synthesized Ni-amended iron 
nanoparticles is an efficient material for dechlorination of trichloroethylene and its 
reactivity is comparable to the palladium-catalyzed iron nanoparticles. A notable strength 
of Ni-Fe nanoparticles compared to their palladium counterpart is that Ni-Fe is 
electrochemically stable in the aqueous environment and it possesses good chemical 


resistance to common solutes in groundwater such as chloride, bicarbonate, and dissolved 
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organic matter. However, anions such as NO3,, SO,” and phosphate may cause moderate 
to severe catalyst deactivation at elevated concentrations (1- 5 mM). Nitrate decreases 
particle reactivity gradually due to formation of passivating oxides, whereas sulfate and 
phosphate elicited rapid loss of reactivity as a result of specific poisoning of the active 
nickel sites. At similar levels, phosphate is the most potent deactivation agent among the 
solutes examined in this study. Although the concentrations of the anions used in this 
study are on the high side of their typical environmental occurrence, large spatial 
variability across different contaminant sites is expected as phosphate, nitrate and sulfate 
are strongly tied to local hydrogeological formations (e.g. coastal plains subject to 
estuarine water influence), microbial activities, and anthropogenic inputs. Remediation 
practitioners may find it of great relevance to assess groundwater characteristics and 
perform laboratory tests using actual water samples from the contamination sites prior to 
engaging up-scale studies. One consideration that has hampered the deployment of Ni-Fe 
BNPs for in situ remediation of contaminated groundwater is concerns over potential Ni 
release. In this study, we analyzed dissolved nickel concentration in the aging media and 
TCE solutions and found less than 1% of the initial Ni deposited on the particles was 
released into the aqueous phase after aging and TCE experiments (Table $3.1). Although 
our experiments were conducted in short periods of time compared to the actual time 
frames taken to restore a contaminated site, enhanced electrochemical stability and 
greater material availability with respect to Pd-Fe suggest that Ni-Fe nanoparticles is a 
viable alternative for hydrodechlorination of chlorinated ethenes in groundwater and 
other waste streams. The different chemical resistance of Ni and Pd-based bimetallic 
materials to background solutes suggest that opportunities may exist in material selection 


and optimization to improve the efficiency of environment clean-up efforts. 
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Figure 3.1. TEM micrographs of (a) fresh CR-Ni-Fe, (b) fresh SDP-Ni-Fe, and (c) CR- 
Ni-Fe aged in 5 mM phosphate solution for 24 h. 
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—e®— Co-reduced Ni-Fe (nickel sulfate) 

—=— Co-reduced Ni-Fe (nickel acetate) 

—4— Co-reduced Ni-Fe (nickel chloride) 
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Figure 3.2. TCE degradation by fresh Ni-Fe BNPs prepared from various nickel 
precursors and synthesis routes. Inset shows TCE degradation by monometallic Fe 
nanoparticles. Initial TCE concentration was 50 mg/L. Nanoparticle dose was 2 g/L. 
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Figure 3.3. Effect of aging of Ni-Fe in solutions with (a) non or mildly-deactivating 
solutes and (b) strongly deactivating solutes on TCE degradation. Particles were prepared 
using co-reduction method (i.e., CR-Ni-Fe). Initial TCE concentration was 50 mg/L. 


Nanoparticle dose was 3.3 g/L. Initial pH was in the range of 8.1 -8.3. 
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Figure 3.4. Products of TCE degradation by (a) fresh CR-Ni-Fe, (b) CR-Ni-Fe aged in 5 
mM chloride, and (c) CR-Ni-Fe aged in 5 mM phosphate solutions. Nanoparticle dose 
was 2 g/L for (a) and 3.3 g/L for (b) and (c). Initial pH was 8.1 — 8.3. 
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Figure 3.5. Effect of sulfate concentration on TCE dechlorination by aged CR-Ni-Fe 
BNPs. Initial TCE concentration was 50 mg/L. Nanoparticle dose was 3.3 g/L. Initial pH 
was in the range of 8.1 -8.3. 
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Figure 3.6. Effect of phosphate concentration on TCE dechlorination by CR-Ni-Fe BNPs. 
Solid lines denote particles that had aged in phosphate solutions prior to reacting with 
TCE. Dash line represents fresh Ni-Fe particles reacting in a solution containing both 
phosphate and TCE. Initial TCE concentration was 50 mg/L. Nanoparticle dose was 3.3 
g/L. Initial pH was in the range of 8.1 -8.3. 
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Figure 3.7. TCE degradation by fresh and aged Ni-Fe BNPs prepared via solution 
deposition method. The concentrations of background anions in the aging media were 5 


mM. Initial TCE concentration was 50 mg/L. Nanoparticle dose was 3.3 g/L. Initial pH 
was in the range of 8.1 -8.3. 
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Figure 3.8. XPS Ni 2p3/2 spectra of Ni-Fe BNPs prepared via co-reduction method. (a) 


As-synthesized particles, (b) as-synthesized particles after sputtering in XPS chamber 
with argon for 2.5 min, and (c) particles aged in DDI for 24 h. 
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Figure 3.9. XPS Ni 2p3/2 spectra of Ni-Fe BNPs prepared via solution-deposition method. 


(a) As-synthesized particles, (b) as-synthesized particles after sputtering in XPS chamber 
with argon for 2.5 min, and (c) particles aged in a phosphate solution for 24 h. 
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Table 3.1. Mass-normalized reaction rate constants (km) and product yields of fresh and 
aged Ni-Fe BNPs 


Solution km (10? L g? min“) R? Yethane 
As-synthesized nanoparticles (Ni precursor shown in brackets) 

Fe nanoparticles (3.22 + 1.13) x 10° 0.944 0.09 

CR-Ni-Fe (from NiCl2) 3.05 + 1.39 0.897 

CR-Ni-Fe (from NiSOa) 2.80 + 1.07 0.939 

CR-Ni-Fe (from Ni acetate) 4.16+ 1.79 0.942 0.81 
Solution-aged nanoparticles (aging medium shown in brackets) 

CR-Ni-Fe (DDI) 1.61 + 0.74 0.915 0.79 

CR-Ni-Fe (5 mM Cl) 0.62 + 0.19 0.939 0.69 

CR-Ni-Fe (5 mM HCOs ) 1.30 + 0.29 0.974 

CR-Ni-Fe (5 mM NO3)) 0.11 + 0.04 0.926 

CR-Ni-Fe (5 mM SO.*) 0.16 + 0.05 0.924 

CR-Ni-Fe (5 mM HPO.) 0.05 + 0.05 0.848 

CR-Ni-Fe (5 mM SO37) 1.28 + 0.29 0.966 

CR-Ni-Fe (5 mg/L humic 

acid) 1.38 + 0.52 0.913 0.66 

SDP-Ni-Fe (DDI) 1.77+0.61 0.951 

SDP-Ni-Fe (5 mM CI) 0.32 + 0.02 0.997 

SDP-Ni-Fe (5 mM HCO3)) 0.21 + 0.04 0.976 

SDP-Ni-Fe (5 mM SO3*) 0.16 + 0.02 0.986 

SDP-Ni-Fe (5 mM SO.”) 0.05 + 0.01 0.848 

SDP-Ni-Fe (5 mM HPO,*) 0.05 + 0.01 0.893 
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Table 3.2. Surface composition of freshly made and aged Ni-Fe nanoparticles measured 


by XPS analysis. 


Surface elemental composition, at. % 


Sample O C Fe Ni B N S P 
CR-Ni-Fe 

As-synthesized fo) 17.8 9.7 0.2 18.8 - = - 
Aged in DDI 57.6 23.1 18.9 04 - -  - - 
Aged in nitrate 25.4 Tews 0.9 05 - - = - 
Aged in sulfate 54.6 22.4 19.1 0.3. - - 36 - 
Aged in phosphate 47.2 20.6 13.6 05 11.2 6.9 
SDP-Ni-Fe 

As-synthesized 51.4 22.4 19.8 0.4 6.0 - = - 
Aged in phosphate 50.3 19.7 17.9 0.2 7.6 - = 4.4 
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3.5. Supporting Information 
XPS analysis 


High resolution X-ray photoelectron spectroscopy (HR-XPS) analysis was 
performed on a PHI 5000 Versa Probe system using a monochromated AlKa (hv = 
1486.7 eV) radiation. The instrument was equipped with a 300-mm radius hemispherical 
analyzer. Samples were mounted on a stainless steel stub using conductive carbon cape. 
Electron and argon dual-neutralizer system was used for all analyses to compensate for 
surface charge caused by X-ray microprobe (typical beam size used = 100 um). The 
working pressure of the analysis chamber was around 1| x 10°’ Pa. Spectra were obtained 
using a takeoff angle of 45° with respect to the surface plane of the sample stub. Survey 
scans of the samples were obtained at 300-eV pass energy, while high-resolution scans of 
Ni2p32, Fe2p, Cls, Ols, Bls, N1s, S2p and P2p transitions were obtained at 150-eV pass 


energy. 


Each spectrum was calibrated against the binding energy (BE) for adventitious 
carbon detected in the Cls region (284.6 eV BE). Curve-fitting for Ni2p spectra was 
carried out using the CASA XPS software (Version 2.3.16PR1.6). The procedures 
summarized in [(Grosvenor et al. 2006),(Biesinger et al. 2011)] were followed here: a 
Shirley background was used to account for inelastic scattering for all samples. The Ni(O) 
peaks have a peak shape of LA(1.1,2.2,10) and include a main transition peak at 852.2 eV 
(FWHM 1.0 eV) and a satellite peak at 6.5 eV higher energy due to surface plasmon loss 
[(Grosvenor et al. 2006)]. A minor satellite at ~ 3.7 eV higher than Ni(O) main peak was 
not constructed due to overlapping with the Ni(ID) signal and the low signal-to-noise 
ratios. Ni(II) peaks were fit using a Gaussian/Lorentzian ratio of 70/30. The intensities of 
the spectra were not sufficient to resolve Ni(II) multiplet contribution with high 


confidence and were represented by two envelopes at 855.6 eV and ~ 862.0 eV. 
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Figure S3.1. Comparison of TCE degradation by monometallic iron nanoparticles in DDI 
and in 5 mM phosphate solution. Initial TCE concentration was 50 mg/L. Nanoparticle 


dose was 5 g/L. 
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Figure $3.2. TCE degradation by Ni-Fe BNPs prepared from various nickel precursors 
and aged in 1 mM NaCl solutions for 24 hours. Initial TCE concentration was 50 mg/L. 
Nanoparticle dose was 3.3 g/L. Initial pH was in the range of 8.1 -8.3. 
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Table S3.1. Solution pH before and after TCE dechlorination and loss of nickel and iron 
due to dissolution into the reaction media 


Solution Solution pH_ | Loss of Ni(%)! | Loss of Fe (%) 2 
As-synthesized nanoparticles (Ni precursor shown in brackets) 

Fe nanoparticles 6.74 - 

CR-Ni-Fe (from NiCl2) 6.32 0.224 

CR-Ni-Fe (from NiSO.) 6.53 0.122 

CR-Ni-Fe (from Ni acetate) 6.12 0.098 

Solution-aged nanoparticles (aging media shown in brackets) 

CR-Ni-Fe (DDI) 8.32 0.357 0.023 
CR-Ni-Fe (5 mM Cl) 8.26 0.634 0.025 
CR-Ni-Fe (5 mM HCO; ) 8.36 0.433 0.010 
CR-Ni-Fe (5 mM NOs) 8.41 0.488 0.016 
CR-Ni-Fe (5 mM SOx”) 8.42 0.487 0.034 
CR-Ni-Fe (5 mM HPO,”) 8.38 0.487 0.031 
CR-Ni-Fe (5 mM SO3”) 8.44 0.668 0.022 
CR-Ni-Fe (5 mg/L humic acid) | 8.4 0.465 0.013 
SDP-Ni-Fe (DDI) 8.43 0.641 0272 
SDP-Ni-Fe (5 mM Cl) 8.15 0.558 0.037 
SDP-Ni-Fe (5 mM HCO3)) 8.42 0.054 0.049 
SDP-Ni-Fe (5 mM SO3”) 8.26 0.314 0.025 
SDP-Ni-Fe (5 mM SO4”) 8.35 03353 0.028 
SDP-Ni-Fe (5 mM HPO,”) 8.42 0.175 0.031 
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' Loss of Ni during TCE reactions, calculated as mass fraction of Ni initially deposited. 


? Loss of Fe during various aging treatments, calculated as mass fraction of Fe initially 


loaded into the aging solutions. 
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CHAPTER FOUR 


Trichloroethene Hydrodechlorination by Ni-Fe Bimetallic Nanoparticles: Reaction 
Pathways and Catalytic Surface Reaction Mechanisms Analyzed by Carbon Isotope 


Fractionation? 


4.1. Introduction 


Release of contaminants into surface water and groundwater due to rapid 
industrialization has been a global environmental challenge for decades. Many waste 
streams generated from industrial sources contain toxic and recalcitrant contaminants, 
and conventional wastewater treatment technologies cannot effectively treat these waste 
streams. Some contaminants (e.g., chlorinated ethenes) detected in the subsurface 
environment are also resistant to natural attenuation. Therefore, developing advanced 
water treatment technologies to remove these industrial contaminants is of great 
importance to safeguard the quality of potential drinking water sources and to protect the 
ecosystem. Many heterogeneous catalysts have been applied to transform various 
industrial contaminants into less harmful chemicals '’. The advantages of heterogeneous 
catalytic treatment include rapid reaction rates, formation of benign products, and the 
catalysts can be easily separated from a reaction mixture for repeated use. Nickel-based 
catalysts have been widely used as hydrogenation catalysts owing to the ability of nickel 
to efficiently adsorb and activate hydrogen. In the environmental field, Ni-based catalysts 
have been employed to catalyze the transformation of a variety of organic contaminants, 


10,11 and p-chlorobenzoic acid !*. Ni-Fe 


such as chlorinated ethenes * ’, chlorophenols 
bimetallic nanoparticles (BNPs) have shown significant enhanced reactivity for 
chlorinated ethenes hydrodechlorination * °. In the Ni-Fe BNPs system, the Fe(0) serves 
as the hydrogen provider by reacting with water, and Ni on the BNPs surface can adsorb 
the hydrogen, and hydrogen can be transformed into active hydrogen species (atomic 
hydrogen or hydride) formed from surface-catalyzed dissociation of H2, and active 


hydrogen species initiate hydrodechlorination of surface adsorbed chlorinated ethenes. In 


3 This chapter is about to submit to Chemosphere, Elsevier Publishing Company. 
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our previous work, we evaluated the reactivity of Ni-Fe BNPs upon exposure to different 
groundwater solutes and found that Ni-Fe BNPs were more stable than Pd-Fe BNPs in 
groundwater media '*: '*, However, the detailed surface reaction mechanisms and TCE 


hydrodechlorination pathways on Ni-Fe BNPs are still unclear. 


Compound-specific isotope analysis (CSIA) is a valuable tool for assessing 
contaminants removal within aquifers !*'*, The kinetic isotope effect (KIE) associated 
with chemical and biochemical reactions is an important means to monitor the 
degradation of organic contaminants, which is based on the principle that organic 
contaminant molecules with heavy isotopes experience slower bond breakage, and 
therefore the heavy isotopes tend to accumulate in the fraction of molecules that remain 
when contaminant degradation occurs |’. If the loss of contaminants is associated with 
nondegradative processes (1.e., volatilization, sorption, diffusion, dilution), isotope 
fractionation is usually very small and can be neglected '®?°. Liang et al. indicated that 
the abiotic dechlorination of tetrachloroethylene (PCE) and trichloroethylene (TCE) by 
ferrous bearing minerals *1 FeS materials 7*, and nanoscale iron particles 3 would have 
more negative carbon isotope enrichment factors than biotic dechlorination. In another 
work, Liang et al. it showed that the bioremediation of monochlorobenzene (MCB) and 
1,2,4-trichlorobenzene (1,2,4-TCB) demonstrates remarkably different isotopic patterns 
under aerobic and anaerobic dechlorination, respectively 7°. CSIA can also serve to 
explore the reaction mechanisms. Elsner et al. indicated that during the chloroalkane 
abiotic dechlorination by Zn(0), the carbon isotope fractionation analysis results showed 
that dechlorination was mostly through B-elimination than hydrogenolysis or a- 
elimination **. In addition, a detailed study regarding the carbon isotope fractionations 
during the dechlorination of different chlorinated ethenes by two kinds of nZVI has 
revealed a common first step shared by the hydrogenolysis and dichloroelimination 
pathways 7°.Therefore, CSIA is a promising approach complementary to conventional 
monitoring methods to validate the occurrence of groundwater remediation, distinguish 


different types of degradation reactions, and to indicate the reaction mechanisms. 
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The objective of this research is to understand the effects of common groundwater 
solutes on TCE dechlorination by Ni-Fe BNPs based on the reaction kinetics and 
pathways determined through the use of an appropriate kinetic model. The experimental 
and modeling results as well as carbon isotope fractionation analysis are used to construct 
the deactivation mechanisms caused by different groundwater solutes. In this study, Ni- 
Fe BNPs were prepared via co-reduction method and solution deposition method, 
respectively '°, and the reactivity of the particles was evaluated by reacting with 
trichloroethylene (TCE) after immersing the fresh particles in solutions amended with 
common groundwater anions and/or organic matter for a period of 24 h. Carbon isotope 
fractionation of TCE and the its daughter products were analyzed simultaneously using 
gas chromatography with a combustion isotope ratio mass-spectrometer (GC-C-IRMS). 
Quantifying the parent compound degradation and the products formation and their 
carbon isotope fractionation values allow us to analyze the kinetics and pathways of TCE 
reactions with Ni-Fe BNPs pre-exposed to different aging conditions. Based on carbon 
isotope fractionation analyses and C2 carbon mass recovery results during TCE 
hydrodechlorination, a kinetic model is proposed which can satisfactorily describe TCE 
degradation and its daughter product formation. The findings of this research suggest that 
TCE bulk enrichment factors (€puix) for TCE hydrodechlorination by Ni-Fe BNPs aged 
under different conditions can be used to assess whether the Ni catalytic sites on Ni-Fe 
BNPs surface are functional, which is especially useful for monitoring in situ 
groundwater remediation because it is hard to extract particles back after Ni-Fe BNPs 


injected into the subsurface. 
4.2. Materials and methods 
4.2.1. Preparation of Nanoparticles 


Two different types of Ni-Fe bimetallic nanoparticles (BNPs) were used in this 
study. The first type of nanoparticles was Ni-Fe bimetallic nanoparticles (Ni-Fe BNPs) 
synthesized by reduction of an aqueous solution containing both Fe(II) (from 
FeCl3-6H20, Alfa Aesar, USA) and Ni(II) (from nickel acetate, Acros Organics, USA) 
ions by NaBHs (Acros Organics)”*. Briefly, 10.8 g of FeCls-6H2O (corresponding to 0.08 
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M Fe**) and an appropriate amount of nickel acetate were dissolved in 500 mL of 
distilled de-ionized (DDI) water and ethanol mixture (1:1, v/v). 500 mL of NaBH4 
solution (0.4 M) was introduced into the Fe(III) and Ni(II) solution at approximately 17 
mL/min with a precision peristaltic pump under intensive mixing. After all NaBH4 was 
pumped into the metal solution, the mixture was allowed to stir for approximately 20 min 
before the particles were collected by vacuum filtration. Particles were rinsed with 
ethanol to remove chemical residues on the surface and the collected particles were 
stored in ethanol for further use. The Ni-Fe BNPs synthesized under this method was 
denoted as CR-Ni-Fe BNPs. The second type of Ni-Fe BNPs was prepared using the 
solution deposit method and is denoted as SDP-Ni-Fe BNPs. The synthesis method 
involved preparation of nZVI first followed the method as described previously. The as- 
synthesized nZVI was added to a nickel acetate solution and sonicated for 5 min. In this 
study, the nominal loading of nickel with respect to iron was fixed at a mass fraction of 
2%. The dry weight of Ni-Fe BNPs was determined using a halogen-lamp moisture 
analyzer (OHAUS MB 45). DDI water used in all procedures, including particle synthesis, 
aging and TCE experiments, was deoxygenated by N2-purging for 30 min. 


4.2.2. Aging Experiments 


Aging experiments were conducted in 250-mL glass vials containing 200 mL of 
deoxygenated solutions amended with a groundwater solute at 0.01 - 5 mM. Stock 
solutions of chloride, phosphate, sulfate and oxalic were prepared from their sodium salts. 
Stock solution of humic acid (Sigma-Aldrich, used as received) was prepared at 100 
mg/L and was ultrasonicated for 10 min prior to use. The initial pH of the solutions was 
adjusted with dilute NaOH or HCI to be within the range of 7.8-8.3 to simulate the typical 
pH values encountered in groundwater. An appropriate amount of freshly made Ni-Fe 
BNPs was added into each solution at 3.3 g/L (dry weight) and the vial was sealed and 
agitated on a mechanical shaker for 24 h at room temperature (22 +/- 1 ‘C). The aged 
particles were collected by vacuum filtration and were used immediately in TCE 


degradation experiments. 
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4.2.3. TCE Experiments 


TCE dechlorination experiments were performed to compare the reactivity of 
fresh and aged Ni-Fe BNPs. All batch experiments were conducted in 250-mL amber 
serum glass bottles containing 200 mL of aqueous solution and the balance as headspace. 
Experiments were performed with fresh or aged nanoparticles added at 2 or 3.3 g/L (dry 
weight), respectively, and an initial concentration of TCE at 50 mg/L. Control experiment 
without nanoparticles was performed in parallel. Initial pH was adjusted to between 7.8- 
8.3. The vials were capped with Teflon Mininert valves and placed on a mechanical 
shaker at 250 rpm at room temperature. Periodically, an aliquot (200 - 500 uL) of 
headspace gas was withdrawn using a gastight syringe and analyzed for TCE 
concentrations and reaction intermediates and products using a GC system (Thermo 
Scientific TRACE GC Ultra) with an Agilent PoraPlot Q column and a flame ionization 
detector (FID). The amount of TCE in the solution was deduced from its concentration in 
the headspace using Henry’s constant 7’ 78, and products concentrations of ethene, ethane 
and longer chain hydrocarbons (C3- Ce) were calibrated using commercial gas standards 


(1000 ppm olefin or paraffin mixture in helium, Grace). 


In this research, product yield was used to characterize the major product 
distribution during the TCE degradation process. It is defined as the amount of a product 
formed over the amount of parent compound reacted at a given time, which is expressed 
as Equation (1) 


Pit 


Product Yield = ———_ 
TCE — TCE; 


(1) 


where Pi, is the amount of daughter product i at a given time, and TCE. and TCE; are the 
amounts of TCE in the reactor at the beginning and at a given time, respectively. Carbon 
recovery was calculated by summing up the amounts of TCE and daughter products 
detected in the reactor in terms of C2 equivalents (e.g., 1 mole of butane = 2 mole of C2 


equivalent) as shown in Equation (2): 


Carbon recovery = TCE, + Pit (2) 
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4.2.4. Evaluation of Isotope Fractionation 


CSIA determines the carbon isotope signatures by measuring two stable isotopes 


of '*C and °C via GC-IRMS. This ratio is expressed in Egation (3): 


83C (unit of %o) = (—#22= — 1)1000 (3) 


Rstandard 


where Rsampie is the '°C/'C ratio in a given sample and Retandara is the '°C/'C ratio in the 
international standard reference material- Vienna Pee Dee Belemnite (VPDB). For many 
organic pollutants, the relationship between isotopic fractionation and extent of 


degradation can be modeled by the Rayleigh model 7” 


. The Rayleigh model assumes 
constant isotope fractionation during degradation that is represented by the fractionation 
factor a. o relates the isotopic composition of the substrate at a given time, R, to the 
initial isotopic composition, Ro, and to the fraction of substrate remaining, f, through 


Equation (4): 

a= fet (4) 

a. value can also be expressed as the bulk enrichment factor, oui, as in Equation (5) and 
(6): 


In==(a — 1)Inf (5) 


Ebulk = (@ — 1)1000 (6) 
4.3. Results and Discussion 
4.3.1. Carbon Isotope Fractionation during TCE Hydrodechlorination 


Figure 4.1 shows TCE hydrodechlorination profiles, major products formation, 
and carbon isotope fractionation results as a function of time by fresh Ni-Fe BNPs and 
Ni-Fe BNPs aged in different groundwater solutes. The results indicated that CR-Ni-Fe 
BNPs aged in DDI water, 5 mM Cl, 5 mM C20,”, and 20 mg/L humic acid had 
negligible deactivation effects on TCE degradation rate, which is consistent with our 
previous research finding '3. CR-Ni-Fe BNPs aged in 5 mM SO,” showed moderate 


deactivation effects on particles reactivity for TCE dechlorination, which is different 
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from our previous findings. This discrepancy might be owing to the experimental 


uncertainty. 


Figure 4.1 shows that ethane was the predominant product by fresh Ni-Fe BNPs 
as well as CR-Ni-Fe BNPs aged in different groundwater solutes. Table 4.1 lists the 
carbon recovery and ethane yield that were calculated at the last sampling point. The 
carbon mass balance results suggested satisfactory (> 90%) carbon recovery for most 
experiments. Ethane yield indicates that ethane was the predominant product formed 
during TCE hydrodechlorination for fresh and aged Ni-Fe BNPs, which can also be seen 
in Figure 4.1. Compared to a previous study that only observed ethane as the predominant 
product during the TCE degradation by Ni-Fe BNPs ”, ethene was another important 
product observed during the TCE dechlorination, the concentration of which accumulated 
at the initial reaction stage then declined as the reaction proceeded. Heavier hydrocarbons 
(i.e., C3-Ce species) were also observed during the TCE dechlorination experiments but 
only accounted for a minor fraction (< 2%) of the total products formed. Partially 
dechlorinated species reported in previous studies during abiotic dechlorination *>*° , 
including dichloroethene isomers (DCE) and vinyl] chloride (VC), were not detected. 
Compared to unamended nZVI, the doping of nickel on the nZVI enhanced TCE 
degradation rate by approximately three orders of magnitude '°. The existence of nickel 
could significantly accelerate TCE dechlorination and hydrogenation of reaction 
intermediates, resulting in ethane as the predominant product, whereas in the case of 
nZVI, ethene was the predominant product of TCE dechlorination '*. These results all 
support the concept that nickel behaves as a catalyst in the TCE hydrodechlorination 
process. Also, as indicated in our previous study '3, the prevalent form of nickel 
deposited on the particles surface was nickel(II), and the existence of Ni(II) decreased the 
galvanic effect between Fe(0) and Ni catalytic sites, which decreases the electrochemical 
driving force for Fe(O) oxidation and renders Ni-Fe BNPs to be more stable when 
exposed to the common groundwater solutes. This point is attested by the evidence that 
Ni-Fe BNPs after aging in these groundwater solutes (DDI water, CI, SO4”, C2047" and 
humic acid) still retained a high reactivity compared to Pd-Fe BNPs subject to similar 


aging treatments . 
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Compared to particles aged in other media, TCE hydrodechlorination by Ni-Fe 
BNPs aged in 5 mM phosphate was characteristically slow, consistent with what was 
observed previously '*. Nonetheless, given sufficient time (2 days), near complete 
conversion of TCE was observed with ethane as the predominant product. Compared to 
other groundwater solutes, phosphate ion severely slows down the activity of the nickel 
sites, but does not completely deactivate the catalyst for the hydrodechlorination process. 
Previously, we attributed that active nickel sites form strong complexes with phosphate 
ion, which inhibited the nickel sites to activate hydrogen to initiate TCE dechlorination !°. 
However, the observation of TCE degradation by Ni-Fe BNPs aged in 5 mM phosphate 
over a prolonged time frame suggests that a limited number of active nickel sites were 


still available after aging in phosphate solutions. 


Table 4.1 summarizes the bulk enrichment factors (€u) measured for each TCE 
dechlorination batch obtained by a linear regression of the data according to the Rayleigh 
equation (Eq. (5)). Good fits (i.e., r? > 0.9) to the Rayleigh equation were obtained for all 
the experiments (Figure 4.2). Strong carbon isotope fractionation during TCE 
dechlorination by nZVI and different types of Ni-Fe BNPs was observed. The results 
imply significant enrichment of '°C in the remaining reactant during the TCE 
dechlorination, due to the fact that the rate of reaction of bonds containing '!*C was 
expected to be greater than that of bonds containing '°C. This finding is consistent with 
the fact that bonds containing heavier isotopes are more stable and have higher 


dissociation energies than those containing light isotopes 7!:7*: 31 °?, 


The carbon isotope fractionation of TCE degradation by nZVI had an enrichment 
factor (€puix) of -15.3 + 0.8%o '*. Compared with épuix values of other types of iron 
particles summarized in Table 4.2, this value is within the typical range of eux reported 
in the literature for abiotic TCE degradation. The values of épuix (-9.2 + 0.8%0 for CR-Ni- 
Fe BNPs and -9.8 + 1.5%0o for SDP-Ni-Fe BNPs) were significantly less negative than 
that of fresh nZVI (eux = -15.3 + 0.8%). The possibility that mass transport was the rate- 
limiting process for TCE degradation on Ni-Fe BNPs could be ruled out due to the 


adequate mixing condition. Accordingly, the less negative épuix value of catalysts might 
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be owing to (i) the catalytic function of Ni ', which can decrease the transition state 
energy and increase the bond cleavage rates and thus causes an overall decrease in the 
kinetic isotope effect, or (ii) a kinetic masking effect due to the fact that the rapid reaction 
on Ni sites may cause the preceding steps (e.g., adsorption of reactants to surface sites) to 
be more rate-limiting |’. Kinetic solvents experiments was conducted by reacting Ni-Fe 
BNPs in deuterium oxide (D2O). Compared to TCE hydrodechlorination by Ni-Fe BNPs 
in water under the same experimental conditions, a remarkable abatement of TCE 
degradation rate was observed when Ni-Fe BNPs were in D20, which is shown in Figure 
4.3. This large H/D isotope effect for TCE degradation by Ni-Fe BNPs is consistent with 
previous study °, suggesting that C-H bond formation is the rate-limiting step in Ni-Fe 
BNPs heterogeneous system. The negligible H/D isotope effect for TCE reduction by 
nZVI suggested that the rate-limiting step was different from that by Ni-Fe BNPs, while 
no further efforts were made to identify the corresponding rate-limiting step. The H/D 
isotope results also proved that the diminished carbon isotope effect of TCE degradation 
by Ni-Fe BNPs was owing to the nature of Ni as the hydrogenation catalyst on the Ni-Fe 
BNPs surface. TCE degradation by CR-Ni-Fe BNPs aged in DDI water, Cl, SOa*, 
C204” and 20 mg/L humic acid showed épuix values close to that of the fresh Ni-Fe BNPs 
(Table 4.1). Taken together, this observation and the distribution of products suggested 
that DDI water, Cl’, SO4”", C204” and 20 mg/L humic acid caused mild, non-specific 
deactivation effects on Ni-Fe BNPs reactivity, and the catalytic function of Ni was not 
undermined. The épuix value of Ni-Fe BNPs aged in phosphate was close to the value of 
fresh Ni-Fe BNPs, yet the significant decrease in TCE degradation rate compared to other 
types of Ni-Fe BNPs suggested there was a limited number of active nickel sites available 


after aging in phosphate solutions. 


CSIA has been employed to identify and distinguish abiotic and biotic 
degradation of chlorinated ethenes in both laboratory and field studies of groundwater 
remediation !® 3! 3335, We showed that épuix values could be used to diagnose the catalytic 
function, so monitoring carbon isotope fractionation could serve as an alternative 
approach to evaluate the longevity of Ni-Fe BNPs. Measuring carbon isotope 


fractionation of TCE degradation by Ni-Fe BNPs can be particularly useful to evaluate 
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Ni-Fe BNPs reactivity and longevity when Ni-Fe BNPs are used in in situ groundwater 
remediation. It is hard to retrieve Ni-Fe BNPs to conduct surface analysis to evaluate the 
extent of catalyst deactivation after the particles have been injected into an aquifer, but 
the chemical state of the catalysts can be readily deduced based on measurement of 


carbon isotope fractionation of field samples. 
4.2. Kinetic Modeling Results 


Based on the distribution of products during TCE hydrodechlorination (Figure 
4.1), ethene shows typical intermediate behavior, the formation of which accumulated at 
the initial reaction stage and was gradually consumed as the precursor of ethane for both 
fresh and aged Ni-Fe BNPs. The isotope trends of TCE and its daughter products also 
attested to this sequential reaction pathway. Figure 4.1 shows the carbon isotope trends of 
TCE and its daughter products. It was consistently observed among different aged Ni-Fe 
BNPs that ethene was more depleted of '3C compared to TCE owing to carbon flux of 
from TCE to ethene, and gradual enrichment of '°C in ethene was observed due to the 
subsequent hydrogenation, which accords with the behavior of ethene as an intermediate 
that is simultaneously formed and consumed. It was noted that the 8'°C value of ethane at 
the last sampling point was equal to the initial 5'°C value of TCE, suggesting that TCE 
was completely transformed into ethane. The isotope profiles of TCE and its daughter 
products reacted with Ni-Fe BNPs aged in 5 mM CI appear different from the other 
batch experiments, but it might be due to analysis error. Several previous studies have 
examined carbon isotope fractionation trends during biological degradation of chlorinated 
ethenes (e.g., PCE and TCE), which followed hydrogenolysis pathway with step-wise 
loss of chlorine **: 34-368, Compared to these results, we observed the similar carbon 
isotope signatures of chlorinated ethenes and their daughter products. Therefore, a 
sequential pathway of TCE hydrodechlorination was proposed to model the kinetics of 


TCE degradation and its daughter product formation, which is shown as follows: 


k k 
TCE es ere Ethene aS Ghat 
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The kinetic modeling software package, Scientist 3.0 for Windows (Micromath, St Louis, 
MO, USA), was used to evaluate parameters assuming the reaction follows pseudo-first- 
order reaction. Parameter k; was determined by fitting to the decay of TCE concentration. 
ko represents the ethene hydrogenation rate constant, and it was determined 
experimentally through separate ethene hydrogenation experiments, in which ethene was 
used as a starting compound to react with various Ni-Fe BNPs. The experimentally 


recorded rate of ethene conversion to ethane determines the value of ko. 


We selected two modeling results as representative examples to show the validity 
of this pathway model (Figure 4.4). While the modeling results could reasonably well 
describe TCE degradation and ethane formation, excessive overestimation of ethene 
formation was observed for all TCE hydrodechlorination experiments by different types 
of Ni-Fe BNPs. Possible explanation for the ethene overestimation could be that not all 
TCE transformed into ethane via ethene, and a second pathway might exist, in which 
TCE transformed into ethane via another pathway. This second pathway might occur 
simultaneously with the pathway of sequential transformation of TCE into ethane via 
ethene. It is generally acknowledged that heterogeneous catalytic reactions usually 
involve three steps: (1) adsorption of contaminant on the catalyst surface, (2) catalytic 
reaction on the surface, and (3) desorption of reaction products from the surface. 
Scrutinizing the C2 mass balance results of all experiments shown in Figure 4.1 leads to 
the inference that a significant fraction of carbon was not accounted for during the initial 
reaction phase, and the carbon mass balance was gradually restored when TCE 


degradation approached completion. 


The initial loss of carbon indicates the presence of surface-bound intermediates. 
Our attempt to insert a surface-adsorbed intermediate prior to the formation of ethene led 
to poor fitting. This suggests the surface-adsorbed intermediate is involved in a parallel 
way besides the sequential transformation of TCE into ethane via ethene. The gradual 
decrease in the carbon mass deficiency as reaction progressed to completion implies that 
this surface intermediate was converted to ethane as the final product. This kinetic model 


is illustrated below and is denoted as the “dual pathways” model. Reactions of the second 
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pathway occurred on the Ni-Fe BNPs surface could be complicated, but no specific 
efforts have been made to identify the detailed reactions on the solids surface before 
ethane formation, owing to the fact that reactions are fast on heterogeneous catalyst 
making it hard to identify the possible intermediates. In the absence of detailed 
knowledge about the nature of the surface-adsorbed intermediate, we simplified the 
second reaction pathway by assuming that TCE transforms into an intermediate donated 
as “I,” which remains on the catalysts surface. As intermediate “I” transformed into 
ethane, the carbon mass balance could be restored gradually and ethane became the final 
product. Therefore the “dual pathways” model for TCE hydrodechlorination is proposed 


as follows 


7. 


ee 


Intermediate (I) 
The amount of “I” formed can be calculated based on the carbon mass balance as in Eq.(6) 
I, =TCE, — TCE, — Ethene, — Ethane, — Longer Hydrocarbons, Eq.(6) 


where TCE» is the initial TCE concentration, TCE:, Ethene;, and Ethane; are the aqueous 
concentrations of these three species measured at a given time. Longer hydrocarbons; is 
the sum of C3, C4, Cs and Ce species detected in the reactor at a given time. Ip is 


considered zero as the initial condition. 


Attempts to model TCE degradation and its daughter formations based on pseudo- 
first-order kinetic reaction following the “dual pathways” model yield good fitting for the 
experimental data, which are illustrated in Figure 4.5. The pseudo-first-order rate 
constants of k3 and ky estimated by modeling software are listed in Table 4.1. The 
modeling results indicate that values of k3 were much greater than those of ki, suggesting 
that the formation of intermediate “TI” is much faster than the formation of ethene. As we 
assumed the formation of “I” happens on the Ni-Fe BNPs surface, the modeling results 


with higher value of ks than that of ki supports the experimental observation, because 
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only if the formation of the intermediate on the surface is faster than that of ethene, the 
initial deficiency of mass balance can be observed. k4 values depend on carbon mass 
recovery rates. If the initial carbon deficiency can be quickly recovered, k4 takes a greater 


value than that of k3; otherwise, k4 is smaller than k3. 


To glean mechanistic insights into deactivation of Ni-Fe due to aqueous aging, the 
‘dual pathways’ model was applied to Ni-Fe BNPs aged in two types of aging media, 
namely humic acid and phosphate solutions at varying concentrations. Humic acid within 
the concentration range of 0.5 — 20 mg/L caused a negligible deactivation effect on Ni-Fe 
BNPs dechlorination reactivity, and TCE degradation by Ni-Fe BNPs aged in humic acid 
solutions all followed pseudo-first-order kinetics (Figure 4.6). Ni-Fe BNPs exposed to 
different phosphate concentrations, however, showed a severe deactivation effect at an 
elevated phosphate concentration. For Ni-Fe BNPs aged in 0.01 mM, 0.1 mM and 0.3 
mM phosphate, TCE degradation followed the pseudo-first-order decay, for which the 
“dual pathways” model yields a good fit with the experimental data (Figure 4.7). 
However, as phosphate concentration increased to 1 mM, significant inhibition of TCE 
degradation was observed. Interestingly, we also observed the change of kinetic pattern 
from first-order to zero-order when phosphate concentration increased to 1 mM and 
above (Figure 4.8). No efforts has been made to model the TCE hydrodechlorination by 
Ni-Fe BNPs aged in 1 mM and 5 mM because the transition of kinetic pattern. 


4.4. Conclusion 


Values of bulk enrichment factor (€u) for TCE hydrodechlorination by Ni-Fe 
BNPs under different aging conditions were less negative than that of nZVI, suggesting 
that the catalytic role of Ni on the Ni-Fe BNPs surface resulted in a diminished carbon 
fractionation effect for TCE hydrodechlorination. As épuix of TCE hydrodechlorination 
by Ni-Fe differs significantly from that of pure nZVI, éouix values could be used to infer 
the activity and availability of Ni sites for TCE degradation under in situ remediation 
conditions. Together with kinetic and product distribution analyses, carbon isotope 
measurements could serve as an alternative way to assess the extent of deactivation for 


Ni-Fe BNPs during TCE hydrodechlorination. The analyses of carbon isotope 
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fractionation of TCE, ethene, and ethane suggest that TCE completely transformed into 
ethane via ethene as the intermediate. Furthermore, kinetic modeling results proved that 
TCE hydrodechlorination involves a surface-mediated pathway leading to ethane 
formation. A “dual pathways” kinetic model was proposed, in which a fraction of TCE 
transforms into ethane via ethene, while the rest of TCE is converted to a surface-bound 
intermediate and the intermediate further reacts to form ethane. The proposed “dual 
pathways” model was successful at describing TCE hydrodechlorination by fresh and 
various aged Ni-Fe BNPs. Systematic changes in kinetic parameters for Ni-Fe BNPs 
exposed to humic acid and phosphate solutions reveal dissimilar aging effects induced by 


the two types of groundwater constituents. 
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Figure 4.1. TCE dechlorination by fresh Ni-Fe BNPs ((a)-(b)) and those aged in different groundwater solutions for 24 h ((c)- 
(h)) and carbon isotope fractionation during TCE degradtion. The dose of fresh CR-Ni-Fe BNPs and fresh SDP-Ni-Fe BNPs 
was 2 g/L. CR-Ni-Fe BNPs were used in all aqueous aging experiments. The dose of aged Ni-Fe BNPs was 3.3 g/L. The initial 
pH values of aging experiments and TCE dechlorination experiments were between 7.8-8.1. 
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Figure 4.2. Rayleigh plot of different types of Ni-Fe BNPs. Experimental conditions 
were the same as those described in Figure 4.1. f = [TCE]/TCEo and Q=R/Ro refer to 
Rayleigh model equation 
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Figure 4.3. TCE degradation by (a) fresh CR-Ni-Fe BNPs in D20 or in H20, and by (b) 
nZVI in D20 or in H20. Dose of Ni-Fe BNPs was | g/L, and dose of nZVI was 5 g/L. 
Initial pH was between 7.8-8.3 for each reactor batch. 
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Figure 4.4. Fitting results of TCE dechlorination by Ni-Fe BNPs based on the kinetic 
model that TCE completely transforms to ethane via ethene as the only intermediate. 
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Figure 4.5. Fitting results of TCE dechlorination by Ni-Fe BNPs based on the “dual 


pathways” model. 
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Figure 4.6. TCE dechlorination by Ni-Fe BNPs aged in solutions with different 
concentrations of humic acid. The particle dose was 3.3 g/L. Initial pH was between 7.8- 
8.1. 
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Figure 4.7. TCE dechlorination by Ni-Fe BNPs aged in dilute phosphate solutions (0.01- 
0.3 mM). 
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-@-Ni-Fe aged in 5 mM phosphate 
-&-Ni-Fe aged in 1 mM phosphate 


Time (h) 


Figure 4.8. TCE dechlorination by aged Ni-Fe BNPs aged in 1 mM and 5 mM phosphate 
solutions. Initial concentration of TCE was 50 mg/L. The particle dose was 3.3 g/L. 
Initial pH was between 7.8-8.1. 
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Table 4.1. Reaction rate constants obtained from model fitting, carbon mass recovery, production distribution, and bulk 
enrichment factor of TCE dechlorination reactions with fresh and aged Ni-Fe BNPs. 


Materials 
Fresh CR-Ni-Fe BNPs 
Fresh SDP-Ni-Fe BNPs 


CR- 
CR- 


CR 


Ni-Fe BNPs aged in DDI 

Ni-Fe BNPs aged in 5 mM CI 

Ni-Fe BNPs aged in 5 mM C0,” 
Ni-Fe BNPs aged in 5 mM SO,” 

Ni-Fe BNPs aged in 0.5 mg/L humic acid 
Ni-Fe BNPs aged in 5 mg/L humic acid 
Ni-Fe BNPs aged in 10 mg/L humic acid 
Ni-Fe BNPs aged in 20 mg/L humic acid 
Ni-Fe BNPs aged in 0.01 mM phosphate 
Ni-Fe BNPs aged in 0.1 mM phosphate 
Ni-Fe BNPs aged in 0.3 mM phosphate 
Ni-Fe BNPs aged in 1 mM phosphate 
Ni-Fe BNPs aged in 5 mM phosphate 


k, (min!) * 
0.0032 
0.0022 
0.0041 
0.0025 
0.0027 
0.0035 
0.0026 
0.0022 
0.0025 
0.0047 
0.0044 
0.0029 
0.0022 

N.A. 
N.A. 


ky (min')* k3 (min!) * ky (min!) * 


0.0290 
0.0200 
0.0460 
0.0090 
0.0206 
0.0200 
0.0170 
0.0140 
0.0190 
0.0400 
0.0074 
0.0067 
0.0150 
N.A. 
N.A. 


0.0156 
0.0178 
0.0268 
0.0230 
0.0656 
0.0102 
0.0179 
0.0183 
0.0177 
0.0144 
0.0191 
0.0168 
0.0061 
N.A. 
N.A. 


a. Estimated by modeling softeware based on pseudo-first-order kinetic reaction assumption. 


b. Mass recovery calculated at last sampling point. 


0.0022 
0.0228 
0.0381 
0.0614 
0.0180 
0.0189 
0.0361 
0.0328 
0.1080 
0.2290 
0.0301 
0.0245 
0.0175 
N.A. 
N.A. 


c. Estimated from ethane formation production divided by total TCE removal at last sampling point. 
d. Estimated based on Rayleigh equation, uncertainties represents 95% intervals for calculation. 
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C2 mass balance recovery 


0.90 
0.86 
0.99 
0.96 
0.93 
1.07 
0.97 
0.91 
1.02 
0.97 
1.03 
0.91 
0.98 
0.75 
1.00 


Ethane yield ° 


0.99 
0.92 
0.98 
0.97 
1.00 
0.95 
0.98 
0.97 
0.98 
0.98 
0.89 
0.98 
0.98 
0.91 
0.81 


Bulk enrichment factor (¢ p,,) ¢ 
-15.3 +2.0 
-8.6+0.8 
-9.8+4 1.5 
-9.8+40.5 
-7.3+ 1.1 
-9.1+0.4 

N.A. 

N.A. 

N.A. 

-9.0+0.8 

N.A. 

N.A. 

N.A. 

N.A. 

-9.7+1.1 
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Table 4.2. Bulk °C enrichment factor (eu) reported in the literature for TCE dechlorination by different types of iron. 


Compound Reagent Ebulk (%o) 
TCE Peerless Iron -13.9 ~ -13.0°° 
TCE Connelly Iron -7.5 ~-10.5 
TCE Electrolytic (Acid cleaned) -20.3~-24.8 * 
TCE Electrolytic (Autoclaved) -17.2~-18.7 
TCE Peerless (Acid cleaned) A Be 
TCE Peerless (Autoclaved) 16.1% 
TCE Cast iron -14.9 7 
TCE Iron filings -8.8~-11.7 41 
TCE Nanoscale nZVI (Toda Kogyo) -20.9* 
TCE Nanoscale nZVI (from NaBH4) 23,.5° 
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CHAPTER FIVE 


Trichloroethene Hydrodechlorination by Pd-Fe Bimetallic Nanoparticles: Solute- 


Induced Catalyst Deactivation Analyzed by Carbon Isotope Fractionation* 


5.1. Introduction 


Catalytic hydrodechlorination (HDC) is an efficient and sustainable approach for 
the treatment of industrial wastewater or groundwater contaminated with chlorinated 
contaminants. Among many catalysts evaluated for this application, palladium is 
considered one of the most active metal for HDC reactions!”. The prominent role of Pd 
stems from its ability in activating molecular hydrogen (H2) to form reactive hydrogen 
species (e.g., atomic hydrogen or hydride) | and efficient dissociation of carbon- 
chlorine bonds *:>. An important class of materials exemplifying Pd-catalyzed HDC is 
palladium-iron (Pd-Fe) bimetallic particles, in which a small amount of Pd is deposited 
onto zero-valent iron particles through a facile aqueous replacement reaction **, When 
colloidal or nanoscale iron is used, the resultant bimetallic nanoparticles (BNPs) can be 
directly injected into underground environment for in situ remediation of aquifers 


contaminated with chlorinated hydrocarbons * !”. 


Among many groundwater contaminants amenable to dehalogenation with Pd 
catalysts, chlorinated ethenes including trichloroethene (TCE) and tetrachloroethene 
(PCE) have received great attention because of their widespread occurrence at many U.S. 
superfund sites and their rapid transformation in the presence of Pd to completely 
dechlorinated products *''. In contrast to chlorinated methanes or ethanes which undergo 
reduction via direct electron transfer, TCE or PCE reduction on metal surfaces involves 
an indirect reduction mechanism via reactive hydrogen species '* '3. To enable in situ 
degradation of subsurface contaminants, a local source of Hz is needed in the vicinity of 


Pd. As corrosion of iron in anoxic water produces hydrogen, a favorable synergy is 


4 This chapter is published as: Yanlai Han, Changjie Liu, Juske Horita, Weile Yan. Trichloroethene 
hydrodechlorination by Pd-Fe bimetallic nanoparticles: solute-induced catalyst deactivation analyzed by 
carbon isotope fractionation. Applied Catalysis B: Environmental, 2016. Elsevier Publishing Company. 
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developed with Pd-Fe bimetallic material, where iron serves as the hydrogen source and 
catalyst support, and Pd acts as a catalyst for both hydrogen activation and HDC 
reactions. Indeed, rapid decomposition of chlorinated ethenes at rates thousand times that 
of the uncatalyzed iron have been documented in many laboratory investigations without 
forming the harmful less-chlorinated intermediates (e.g., dichloroethenes or vinyl 


chloride) that are commonly observed in biological dehalogenation systems !*'°. 


As with other metal catalysts, a serious impediment associated with the use of Pd 
is catalyst deactivation in the reaction media. Deactivation is particularly relevant to in 
situ groundwater remediation, as the aqueous phase typically contains substantial 
amounts of background electrolytes as well as dissolved organic carbon originated from 
natural decay processes. Typical inorganic solutes include chloride (CI’), sulfate (SO4”), 
bicarbonate (HCO3>), nitrate (NO3°), and sulfide (HS°), and their concentrations vary 
considerably with the site location, depth, and biogeochemical conditions. Among them, 
many are known to be potent deactivators of Fe '7!8 or Pd !?!. Not surprisingly, the Pd- 
Fe bimetallic nanoparticles have shown large susceptibility to solute-induced loss of 
reactivity °”*3. In previous studies, particle deactivation was assessed by the rates of TCE 
degradation in batch experiments. Although bulk reaction rate is a useful indicator of the 
apparent effect of aqueous aging on particle reactivity, it offers limited insights into 
deactivation mechanisms caused by different groundwater solutes and the resultant 


impact on TCE degradation pathways. 


Compound-specific isotope analysis (CSIA) is a valuable tool for assessing 
contaminant degradation in natural and laboratory environments **?’. The kinetic isotope 
effect (KIE) is built upon the principle that organic molecules with heavier isotopes 
generally experience slower bond breakage and thus, the heavier isotope tends to 
accumulate in the parent compound during the course of a degradation process. 
Consequently, an important application of CSIA is to assess the extent of contaminant 
transformation in an open system, since non-destructive loss of contaminants at a field 
site due to processes such as volatilization, sorption, diffusion, or dilution would 


contribute little to the isotope fractionation ****. When applied in a controlled 
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environment, isotope fractionation is useful to diagnose contaminant reaction pathways. 
It has been reported that abiotic dechlorination of PCE and TCE mediated by Fe(ID)- 


15, 30, 31 is 


containing minerals (e.g., green rust, magnetite, or pyrite) *? or zerovalent iron 
associated with more negative carbon isotope enrichment factors than biotic 
dechlorination processes !°. Liang et al. attributed the suppressed isotope fractionation in 
biotic degradation to an increasing control of the degradation rates by mass transfer or 
complexation processes !°, which is analogous to the masking effect encountered in 
abiotic catalytic conversion reactions **. Elsner ef al. observed that during abiotic 
dechlorination of dichloroethanes on Zn(0), the carbon isotope fractionation associated 
with B-dichloroelimination was much greater than the fractionation incurred during 
hydrogenolysis or a-elimination *°, thus the isotope data can be used to identify plausible 
mechanisms of the rate-limiting reactions. In a bimetallic system, iron and palladium 
need to work cooperatively in order to attain optimal HDC efficiency, thus the cause of 
particles deactivation is potentially more complex than monometallic iron. It is expected 
that CSIA combined with bulk kinetic and product speciation analyses would enable us to 


delineate the different causes of catalyst deactivation in different groundwater matrices. 


The objective of this study is to investigate the effects of common groundwater 
anions or natural organic matter on the reactivity of Pd-BNPs in TCE dechlorination 
reaction and to identify major factors contributing to the loss of reactivity or change in 
reaction pathways. Specifically, freshly made and various aged Pd-Fe BNPs (i.e., 
particles pre-exposed to solutions containing different groundwater anions or natural 
organic carbon) will be evaluated in batch TCE hydrodechlorination experiments. The 
carbon isotope fractionations of TCE and daughter products were analyzed 
simultaneously using gas chromatography with a combustion isotope ratio mass- 
spectrometer (GC-C-IRMS) to quantify the TCE bulk enrichment factor (€),,;,) and 
product-specific isotope fractionation values. Interpreting isotope effects together with 
kinetic data and product distribution allows insights to be gained into specific processes 


responsible for the declines in catalyst activity in different aqueous environment. This 
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knowledge would serve to better predict and improve the performance of bimetallic 


material under environmentally relevant conditions. 
5.2. Materials and Methods 
5.2.1. Preparation of Nanoparticles 


Nanoscale zero-valent iron (nZVIJ) particles were synthesized via borohydride 
reduction of an aqueous solution of ferric ions. Briefly, 10.8 g of FeCl3-6H20 (Fisher) 
were dissolved in a 500-mL solution mixture of distilled de-ionized (DDI) water and 
ethanol (1:1, v/v). 500 mL of 0.4 M NaBHsg solution (Acros Organics) was introduced to 
the ferric solution at approximately 17 mL/min under an vigorous mixing condition, 
during which the ferric solution turned black due to the formation of colloidal-sized iron 
particles. The particles formed were collected by vacuum filtration and were stored in 
ethanol for further use. Pd-Fe bimetallic nanoparticles (denoted as Pd-Fe BNPs) were 
prepared by immersing the freshly prepared nZVI with an ethanol/water (1:1, v/v) 
solution of palladium chloride (Acros Organics) and ultrasonicating the mixture for 5 
min’. The mass loading of Pd with respect to iron was fixed at 1.5 % for all Pd-Fe BNPs. 
DDI water used in all procedures, including particle synthesis, aging and TCE 


experiments, was deoxygenated by purging with N2 for 30 min. 
5.2.2. Aging Experiments 


Aging experiments were conducted in 250-mL amber glass vials containing 200 
mL of deoxygenated solutions amended with a common groundwater solute at 1-5 mM. 
Stock solutions of chloride, bicarbonate, nitrate, phosphate, sulfate and sulfite were 
prepared from their sodium salts, respectively. Stock solution of humic acid (Sigma- 
Aldrich, used as received) was prepared at 100 mg/L and was ultrasonicated for 10 min 
prior to use. The initial pH of the solutions was adjusted with dilute NaOH or HCl to 
between 7.4-8.2 to simulate the typical pH values encountered in groundwater. An 
appropriate amount of freshly made Pd-Fe BNPs was added into each solution at 2 g/L 


(dry weight) and the vial was sealed and agitated on a mechanical shaker for 24 h at room 
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temperature (22 +/- 1 °C). The aged particles were collected by vacuum filtration and 


were used immediately in TCE degradation experiments. 
5.2.3. TCE Experiments and Analytical Method 


TCE dechlorination experiments were performed to compare the reactivity of 
fresh and aged Pd-Fe BNPs. All batch experiments were conducted in 250-mL amber 
glass vials containing 200 mL of aqueous solution and the balance as headspace. 
Experiments were performed with fresh or aged nanoparticles added at | - 4 g/L (dry 
weight). The vials were capped with Teflon Mininert valves, spiked with a small aliquot 
of TCE stock solution (in methanol and amended with 2-propanol as an internal standard), 
and placed on a wrist-action shaker at 250 rpm at room temperature. To monitor the 
concentrations and carbon isotope ratios of TCE and the reaction products, headspace 
samples (200 - 500 uL) were manually withdrawn and injected to a gas chromatograph- 
combustion-isotope ratio mass spectrometer (GC-C-IRMS) system periodically using a 
gastight syringe. The system comprised of TRACE GC Ultra (Thermo Scientific) 
installed with a PoraPlot Q capillary column (Varian, #CP7551) and GC Isolink (Thermo 
Scientific) coupled with ConFlo IV (Thermo Scientific) and Delta V IRMS (Thermo 
Scientific). The GC temperature program ramped the oven from 35 °C to 220°C in 26 
min, with a 4 min hold at 35 °C. The flow rate of He carrier gas was set at 1.2 ml/min 
with split ratio of 8. TCE and the reaction products were separated by the GC column, 
and then oxidized into CO2 by GC Isolink at 1030°C. The CO2 produced by each analyte 
was introduced to IRMS for carbon isotope ratio analysis. Based on IRMS signal 
intensities, the concentrations of TCE and reaction products in the headspace samples 
were determined using calibration curves constructed with the corresponding commercial 
standards. Their concentrations in the solution phase were deduced from their 
concentrations in the headspace using Henry’s Law constants *4. Carbon isotope ratios 
are reported as 5 '°C following Equation (1): 

5*°C(%o) = (= — 1) 1000 (1) 


Rstandard 
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where Rgample is the '3C/'*C ratio of a given sample and Rstandara is the °C/!°C ratio of the 
international standard reference material, V-PDB **: '°. TCE and the reaction products 
were analyzed for 5 !C values relative to a reference CO> gas, and then normalized to the 


V-PDB scale against NG2 standard *°. 
5.2.4. Evaluation of Isotope Fractionation 


Isotope fractionation associated with a chemical reaction is usually represented by 


an isotope fractionation factor (a), which is defined as in Equation (2), 


a= at (2) 
where "k and 'k are the rate constants of a chemical reaction involving a substrate 
containing the heavier and lighter isotope (in this case, !°C and !*C), respectively. 
Applying Equation (2) into a relevant kinetic expression and integrating over the extent 
of the reaction yield the Rayleigh equation (Eq. (3)), where Ro and R stand for the isotope 
ratio of a substrate at the beginning of a reaction and at a given time, respectively. f is the 


fraction of the substrate remain at the specified time. 
R_ r¢a-i 
=f 3) 


The isotope fractionation factor is related to the apparent enrichment factor, Epy7x, 


as in Equation (4) and (5). 
in==(a —1)Inf (4) 
Ro 


Ebulk = (@ — 1)1000 (5) 


Note that in deriving the Rayleigh equation, one assumes that the reaction itself is rate- 
limiting. This is not necessarily the case in catalytic reactions, where previous steps such 
as mass diffusion and adsorption of a substrate to reactive sites may proceed irreversibly 
or be rate-controlling. Since these preceding steps carry no or a minor isotope 
fractionation effect, €),,;,may exhibit a small value that does not correlate with the 
intrinsic isotope effect of the reaction. In such case, the isotope effect of a reaction can be 
estimated from the change in 8'°C of the substrate and product at the initial stage of the 
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experiments, when accumulation of product is considered negligible '>. If multiple 
products are formed simultaneously or a product undergoes rapid further transformation 
steps, an average isotope value weighted by the molar ratio of the respective products 
may be used. In the case of TCE, the calculation of €¢c¢r ypc is described in Equation (5), 
where 613C,,oduct aveo and 5'*Crcg9 represent the average isotope composition of the 
products (predominantly, ethene and ethane) and the substrate at the initial stage of an 


experiment: 
_ 913 13 
ErcenHDc = 9°°Cproduct ave — 5 °CrcE,o (5) 


Epulk aNd Erce ypc Aiffer in the sense that €),,;, reflects the isotope fractionation of the 
rate-limiting step, whereas €rcg ypc accounts for the fractionation of all steps involved in 
converting TCE to the major products. Since mass transport and adsorption steps have 
considerably smaller isotope effects than chemical conversion, €7cg ypc 1S a good 
indicator of the intrinsic KIE of a reaction and it is not affected by the kinetic masking 


effect often encountered in catalytic reactions *. 


Lastly, possible isotopic fractionation due to the transfer of TCE between the 
aqueous and gaseous phases is a valid concern during headspace analysis. In this study, 
the carbon isotope ratios of TCE in a water free vial and TCE in the headspace of the 


controls were identical within analytical error (+0.47%o). 
5.3. Results 
5.3.1. TCE Dechlorination by Fresh Fe and Pd-Fe NPs 


The reactivity of various Pd-Fe BNPs was evaluated using TCE batch 
experiments. Fresh Pd-Fe BNPs exhibited excellent reactivity with greater than 85% of 
TCE (Co = 50 mg/L) degraded within 125 min (Figure 5.1a). Chlorinated intermediates 
known to form during biological attenuation of TCE (e.g., DCEs and VC) were not 
detected in the headspace samples, in agreement with previous studies that abiotic 
reduction of TCE on zero-valent metal surface favors the formation of completely 
dechlorinated hydrocarbons '°,>’,>°. Ethane and ethene are the major products, accounting 
for 90% and 7.2%, respectively, of the total products formed at the last sampling point. 
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The ratio of ethane to ethene increased with reaction time, indicating that the fresh Pd-Fe 
is capable of hydrogenating ethene. Ethene reduction is a distinct capability of the 
bimetallic particles since additional experiments showed that monometallic Fe 
nanoparticles were unable to convert ethene to ethane under similar conditions. A small 
amount of C4 products (butane and butene isomers) was detected. Their combined 
concentration accounts for less than 4% of the total carbon, and trace levels of C5 — Ce 
alkanes and alkenes were also detected but not quantified. These minor products suggest 


hydrocarbon coupling reactions had occurred to a small extent on Pd-Fe BNPs. 


TCE reduction by monometallic Fe NPs (Figure 5.2a) was considerably slower, 
requiring more than 10 days to degrade the equivalent amount of TCE converted by Pd- 
Fe in 2 hours. Adding up TCE and product concentrations did not give a good carbon 
balance and this was attributed to sampling loss due to build-up of overpressure in the 
reaction vessel over a long monitoring period (23 days). Product analysis identified 
ethene and C4 hydrocarbons to be the major products. C4 products were formed primarily 
at the initial stage of the experiment. Ethane, in comparison, constitutes only 8.5% of the 
total products formed. Compared to Pd-Fe, monometallic Fe possesses significantly 
lower activity for hydrodechlorination (of TCE) and hydrogenation (of ethene) but a 
higher propensity to promote chain growth reactions. The latter property is in line with 
the prevalent use of iron as hydrocarbon synthesis or reforming catalysts (e.g., in 


Fischer-Tropsch synthesis) >” *?. 


Figures 5.1b and 5.2b illustrate the isotopic composition of TCE and its daughter 
products with reaction time. Fitting the experimental data to the Raleigh model yields 
satisfactory fits (Figure 5.9), thus we may consider that a constant isotope fractionation 
prevails during the experiment periods. Comparing the data of the Pd-Fe and Fe systems, 
several differences can be discerned. With Pd-Fe (Figure 5.1b), TCE experienced little 
isotope fractionation during its rapid transformation, whereas TCE degradation by Fe 
NPs led to a strong enrichment of '°C in the remaining TCE. The bulk enrichment factor, 
Epulk, Of the two materials was evaluated according to the Rayleigh equation (Eq. 3) to be 


-1.4+0.1%0 and -15.6+2.3%0, respectively (Figure 5.7). In prior studies, €,,,); of TCE 
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dechlorination was reported in a range of -10.1%o0 to -24.8%o for various commercial or 
research-grade zero-valent iron materials under laboratory or field conditions 4! 3°*?, For 
nanoscale iron, €),,1~ Was reported at approximately -20.9%o '°, which is higher than the 
value obtained in this study (-15.6+2.3%bo), but within the range mentioned above for a 
wide variety of iron materials. The discrepancy in €buk may stem from difference in the 
surface properties of iron used in different studies as well as possible transport limitation 
in some column experiments. Compared to monometallic Fe, bulk enrichment factor of 
TCE degradation by Pd-Fe is characteristically small. The greatly diminished isotope 
effect is often interpreted as due to a kinetic masking effect, in which accelerated surface 
reactions in the presence of a catalyst cause the preceding less-fractionating steps (i.e., 
transport of reactant from the bulk solution to the surface and adsorption to reactive sites) 
to be more rate-limiting *°. Another explanation is that smaller TCE fractionation on Pd- 
Fe BNPs is resulted from a decrease in the kinetic isotope effect (KIE) of TCE reduction 
due to facilitated bond-breaking on the catalyst surface. Using Eq.(5), €rce ypc iS 
estimated to be -2.5%o and -13.7%o, respectively, for Pd-Fe and the monometallic Fe. The 
results imply that TCE transformation on the bimetallic surface incurs a much smaller 
intrinsic kinetic isotope effect than its reaction on Fe particles. It was postulated in 
previous studies that abiotic reduction of unsaturated chlorinated compounds on metal 
surface is preceded by the formation of a strong precursor complex * 4:4, Spectroscopic 
investigations suggest the C-Cl bonds of chlorinated ethenes were significantly weakened 
upon adsorption of the reactant on the Pd surface > *°. This thus explains the substantially 
reduced kinetic isotope effect during TCE conversion on fresh Pd-Fe nanoparticles. 
Lastly, the isotope discrimination between ethene and ethane are relatively small in both 
Fe and Pd-Fe systems, a result as expected since hydrogenation of carbon double bonds 


should invoke a minor isotope effect on the participating carbon atoms *!. 
5.3.2. TCE Dechlorination by Aged Pd-Fe NPs 


Figure 5.3 shows TCE dechlorination by Pd-Fe nanoparticles that had been pre- 
exposed to different solution environment for 24 h prior to TCE experiments. On the 


basis of TCE removal rate, the aged Pd-Fe BNPs exhibit two types of deactivation 
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behavior. As shown in Figure 5.3(a), particles aged in 5 mM of sulfite, sulfate, and 
phosphate and humic acid (at 20 mg/L) suffered moderate degrees of reactivity loss 
compared to the fresh Pd-Fe BNPs. Their apparent mass-normalized pseudo first-order 
rate constants (km) were approximately one order of magnitude lower than that of the 
fresh Pd-Fe BNPs (Table 5.1). In comparison, particles aged in DDI or 5 mM of chloride 
(Cl), bicarbonate (HCO3°), and nitrate (NO3°) show signs of severe deactivation. In 
several cases, there was an initial reduction in TCE concentration in 2 h, however, TCE 
conversion beyond the initial phase was virtually negligible. Continuous monitoring for 
up to 2 days suggests these particles were essentially unreactive. We attribute the initial 
rapid disappearance of TCE to its reaction with a limited amount of active H species 
accumulated on the catalyst during the aging process. This is supported by the 
observation that sonicating the aged particles in clean water for several minutes to release 
the surface bound hydrogen species followed by collecting the particles and placing them 
in TCE solutions resulted in negligible degradation of TCE even during the initial phase 


(Figure 5.8). 


Product distribution and carbon isotope analysis are used here to further 
investigate the deactivation mechanisms. Results of BNPs aged in four moderately 
deactivating solutions are shown in Figure 5.4. Pertinent parameters, including km, &buik, 
and €¢cr ypc are summarized in Table 4.1. The table also lists ethane selectivity, which is 
defined as the amount of ethane produced over the total product formation at 
approximately 90% TCE conversion or, in the case of incomplete conversion due to 
strong deactivation, at the last sampling point. In spite of similar TCE degradation rates 
(Figure 5.3a), values of €¢cr ypc and ethane selectivity are remarkably different in these 
reaction systems. Specifically, Pd-Fe aged in humic acid exhibits a relatively small 
ErcE upc and the highest ethane selectivity among the aged Pd-Fe particles (Figure 5.4a). 
On the other hand, a large isotope depletion was observed in the case of sulfite-aged 
particles along with a small ethane selectivity (Figure 5.4b), implying that the 
deactivation effect of sulfite ions is specific to the Pd surface. The BNPs aged in 


phosphate and sulfate solution demonstrate intermediate shifts in €¢cR ypc and ethane 
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selectivity. However, unlike particles aged in sulfite or humic acid in which ethene and 
ethane experienced similar extents of isotope enrichment, 5*3C of the two hydrocarbon 
products formed in the presence of sulfate or phosphate-aged particles differ considerably 
(Figures 5.4c and 5.4d). Based on this data, it can be reasoned that ethene is not a 
precursor of ethane. Rather, independent pathways are involved in the formation of 
ethene and ethane at possibly different reactive sites on the particles aged in sulfate or 
phosphate solutions. With phosphate-aged BNPs, ethane undergoes negligible isotope 
fractionation during its formation, and its isotope ratio is similar to that of the original 
TCE. In comparison, there is a large isotope depletion during TCE conversion to ethene. 
These characteristics infer that ethane formation involves predominantly Pd surface while 
the production of ethene was associated with Fe sites. The conversion of ethene to ethane, 
a facile process by fresh Pd-Fe BNPs, is severely blocked on particles aged in phosphate 


and sulfate solutions. 


Figure 5.5 shows the isotope fractionation and product formation during TCE 
degradation by particles aged in four strongly deactivating solutions, namely DDI, 
chloride, bicarbonate, and nitrate. With BNPs aged in DDI (Figure 5.5a), 40% of TCE 
was removed in the first 5 min, however, the loss was not accompanied by quantitative 
formation of dechlorination products, suggesting the initial loss of TCE is due to non- 
reactive sorption to the solid phase *°. Of the limited amount of TCE transformed, the 
isotope discrimination between TCE and dechlorination products is characteristically 
small (Ercg ypc = —2-8%o0). On the contrary, particles aged in the chloride solution 
undergo substantial fractionation during TCE reduction (Figure 5.5b).The highly negative 
Erce Hpc Value of —14.0%o, comparable to the value of monometallic iron (-13.7%o), 
points to severe impairment of Pd activity by chloride ions. This observation is also 
supported by ethene being the predominant product in the chloride-aged BNP system. 
Due to limited conversion of TCE by Pd-Fe aged in 5 mM nitrate and bicarbonate 
solutions, we conducted isotope experiments using particles aged in | mM of each solute. 
The results, in Figures 5.5c and 5.5d, show that, the reactions of TCE on bicarbonate- and 


nitrate-aged BNPs resulted in very small fractionations during both ethene and ethane 
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production. Hence, the decline in reactivity cannot be attributed to deactivation of Pd 


sites. 
5.4. Discussion 
5.4.1. Solute-induced Deactivation Mechanisms 


Pd catalysts have been extensively studied for catalytic decomposition of 
halogenated contaminants. Treatment of industrial wastewater or ex situ remediation of 
contaminated groundwater typically employ the catalyst with H2 in continuous flow- 
through reactors. To apply Pd catalysts to in situ subsurface remediation, a sustained 
source of Hz is required close to the contaminant reaction zone. One strategy to achieve 
this is to incorporate Pd onto zero-valent iron, where iron oxidation by water provides a 
continuous supply of H2 that is subsequently activated by Pd surface * 4’. Among the 


common solutes found in the subsurface environment, reduced sulfur species (e.g., sulfite 


) 2, 19, 48, 49 ) 49, 50 


and sulfide ions and natural organic matter (NOM are known to exert 
strong deactivation effects on Pd reactivity. These observations agree on a large part with 
findings in the current study. A self-inhibitory effect has also been noted in the past, 
which is caused by the inhibition of Pd activity by the halogen ions produced during 
hydrodehalogenation reactions (i.e., Cl or Br), and such effect is more severe in gas or 
solvent phase HDC reactions at elevated contaminant concentrations 7° >!:>?, Results in 
this study demonstrate that chloride ions as a natural constituent in groundwater can 
induce a serious impairment of Pd activity when present at a significant level. No adverse 
effect was reported in solute-free water for other bimetallic particles (e.g,. iron-supported 
nickel) *4 or Pd/H2 systems !', yet severe deactivation of Pd-Fe results upon immersion in 
deionized water. Prior surface and electron microscopic characterizations attributed this 
to the galvanic effect between the nanosized Pd deposits and the underlying Fe phase, 
leading to excessive iron corrosion in a short period of time (24 h) and the enclosure of 
Pd deposits by iron oxidation products 7°, Other common solutes such as bicarbonate, 
nitrate, and phosphate do not appreciably affect Pd activity in Pd/H2 reactors |, however, 
the current study shows that these anions slow down the reactivity of Pd-Fe BNPs to 


appreciable degrees. 
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Figure 5.6a shows a conceptual model of TCE transformation on fresh Pd-Fe 
BNPs. It has been established previously that reductive dechlorination on zero-valent iron 
or in a Pd-catalyzed system are surface-mediated *4-°°. The reaction is initiated by the 
production of Hz from Fe(0) corrosion and the adsorption of H2 on the Pd surface to form 
dissociated hydrogen species. Subsequently, TCE reduction may occur via three 
pathways. The first involves the adsorption of TCE at Pd sites followed by multiple 
surface reactions to form predominantly ethane, as was reported in previous studies *°. In 
the second pathway, Fe itself is able to activate H2 and mediate TCE degradation. This 
process is however characteristically slow (Figure 5.2), and therefore does not contribute 
significantly to the observed TCE degradation within the time frame of investigation (< 
24 h). In the third pathway, we postulate migration of activated hydrogen from Pd to Fe 
sites, and TCE was degraded on the Fe surface. Spillover of atomic hydrogen from 
hydrogen dissociation catalysts such as palladium or platinum to support surface is well 
documented in heterogeneous catalytic reactions *° >’. This process is considered 
kinetically facile at ambient temperature and has been proposed as an important pathway 
of Pd-catalyzed hydrodechlorination in the aqueous environment !:>*, In this instance, Pd 
serves as an indirect catalyst by facilitating the accumulation active hydrogen species on 
the Fe surface. It is difficult to differentiate pathway 1 and 3 unambiguously with kinetic 
data alone, however, the distinct isotope signatures of Pd and Fe-mediated TCE reactions 
provide powerful insights into the reaction (and deactivation) mechanisms. For freshly 
prepared Pd-Fe particles, the small isotope fractionation between TCE and daughter 
products suggests Pd is the dominant site for TCE hydrodechlorination. Upon immersion 
in aqueous media with different solutes, several outcomes can be postulated. In 
heterogeneous catalytic systems, two modes of catalyst deactivation often arise: 1) 
physical passivation of the particles due to deposition of carbonaceous or mineral 
precipitates, thereby blocking access to surface reactive sites, and 11) catalyst poisoning 
via specific binding of solute molecules to the catalytic sites rendering partial or complete 
loss of reactivity to the target reagents. In the case of Pd-Fe BNPs, additional factors can 
contribute to the decline in TCE degradation rate. For one, since Fe serves as an electron 


source for hydrogen evolution, anions interacting strongly with the Fe surface can slow 
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down TCE conversion by limiting H2 production. On the other hand, alteration of the 
surface chemistry during aging may disable TCE dechlorination sites on Pd, but the 
catalyst may still be active for hydrogen activation. In this case, obstructing one type of 
reactive sites may not completely shut down the degradation process, but likely results in 
a change in reactive sites that can be detected through shifts in the product distribution as 


well as the isotope composition of the reactants and products. 


Based on the observed deactivation behavior and the perceived roles of Pd and Fe 
in the bimetallic structure, we attribute various solute-induced deactivations to the 
following scenarios (Figure 5.6b). Type I deactivation involves nonselective blockage of 
reactive sites by surface deposits. Such process should not affect the isotope fractionation 
of TCE dechlorination as well as the product distribution. We reason that Pd-Fe particles 
aged in deionized water manifest Type I deactivation on the basis that the Ercg ypc 1S 
close to that of the fresh Pd-Fe and prior microscopic characterizations reported extensive 
accumulation of corrosion products as a result of accelerated corrosion ***?. Alternatively, 
if Pd poisoning is the dominant deactivation mechanism (Type II deactivation), €¢cr ypc 
will deviate from that of the fresh Pd-Fe and the value is expected to be more negative 
due to the increasing role of the Fe-mediated TCE decomposition. Aging in Cl’ and SO3~ 
solutions falls in this category due to the large €7cr ypc Values and the low selectivity for 
ethane in the product mixture. Although Cl’ and SO3” are known potent poisons of Pd 
metal !?:7°:>!\ the reaction rate constants (km) of BNPs aged in the two solutions are more 
than one order of magnitude higher than that of the uncatalyzed Fe. This suggests that, 
while both solutes may hamper the direct reaction of TCE on Pd sites, the catalyst 
remains (at least partially) active for hydrogen activation and contributes indirectly to the 
enhanced TCE degradation rates. Humic acid appears to exhibit a mixed effect of surface 
passivation and catalyst poisoning. This is not unexpected since the humic acid 
macromolecules can impose a steric blockage of access to the finely dispersed Pd 
deposits, and natural organic carbon has abundant organothiol groups that can form 


strong complexes with Pd sites 7. 
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Deactivation induced by immersing in HCO3 and NOs3 solutions has not been 
carefully examined for Pd-Fe BNPs in prior studies. The particles were virtually 
unreactive upon aging in 5 mM of each solution for 24 h. Reducing the solute 
concentration to 1 mM renders the particles to be partially reactive and the isotope data 
suggests that the reactions involve a very small isotope fractionation effect (Figure 5.5c 
and 5.5d). Additional experiments placing the aged particles in H2-saturated TCE 
solutions recorded exceedingly rapid TCE conversion (> 90% removal in 40 min), hence, 
HCOs3 and NO3 do not act by direct inactivation of Pd sites. Instead, the two solutes 
likely behave as corrosion inhibitors thereby impeding the formation of H2as the 
precursor of reactive hydrogen species. This anodic passivation effect is referred to as 


Type II deactivation in Figure 5.6b. 


As an additional line of evidence, we prepared Al2O3-supported Pd materials. The 
particles were subject to the same aging treatments as those of Pd-Fe BNPs and were 
subsequently used in TCE dechlorination experiments in the presence of 2.5 g/L of fresh 
iron nanoparticles as a H2 source (Figure 5.10). The results indicate that Pd aged in sulfite 
and chloride solutions suffered the greatest loss of activity. Although immersion in DDI, 
bicarbonate, and nitrate solutions have caused severe impairment of the reactivity of Pd- 
Fe BNPs, these solutions only cast a moderate impact on Al2O3-supported Pd. These 
observations are in line with the proposed mechanisms that sulfite and chloride act 
specifically on Pd sites, whereas nitrate, chloride and DDI solutions affect Pd-Fe via 


modulating Fe corrosion and H2 production rates. 


The actions of phosphate and sulfate are interesting as both solutes are hard Lewis 
bases and would more preferably interact with the oxide skin of the Fe(0) core than with 
the Pd surface. Inspection of the isotope trends of ethane and ethene (Figures 5.4c and 
5.4d) suggest the existence of separate pathways to ethene and ethane formation, 
respectively, and ethene conversion to ethane is exceedingly slow in these systems. 
Previous investigations of supported Pd catalysts indicate that the active sites of ethene 
hydrogenation are located at the Pd-support interface, where ethene adsorbs onto the 


support sites receiving hydrogen spilled over from the Pd sites ©: °!, With these 
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considerations, we surmise that sulfate and phosphate impair the particle reactivity by 
diverting away activated hydrogen on the Pd surface and interfering with ethene 
hydrogenation, both could be resulted from altering the oxide surface close to Pd deposits 


(Type IV deactivation). 
5.5. Environmental Significance 


With carbon isotope analysis of TCE and its degradation products, the chemical 
or physical effects leading to the deterioration of TCE conversion rates were identified 
for Pd-Fe BNPs aged in different solution environment. This insight is of value for 
improved design, handling, deployment, and regeneration of BNPs for remediation of site 
impacted by chlorinated contaminants. For instance, aggravated corrosion of Pd-Fe in 
solutions of low ionic strength suggests Pd-Fe should not be synthesized and stored in an 
aqueous environment. Many of the common groundwater solutes as well as dissolved 
organic matter have been shown to cast a negative influence on the particle HDC activity. 
The modes of deactivation are not limited to catalyst poisoning and Fe(O) exhaustion as 
stipulated in previous studies *” ©” '°, As such, conventional regeneration methods (e.g., 
acid-washing or Fe(0) regeneration with reductants) may offer limited recovery of 
particle reactivity. Furthermore, the bimetallic design, although elegant in theory, poses 
practical constraints as it requires both the Fe and Pd phases to be reactive to attain 
efficient hydrodechlorination performance. In reality, since Fe and Pd are sensitive to 
different solute environments, the bimetallic material is susceptible to deactivation in a 
broad range of water matrices. It should be pointed out that in the present study the dose 
of Pd on Fe nanoparticles is relatively high compared to typical loading in field projects 
(< 0.5 wt%) ?'°. Increased Pd content in the BNPs beyond an optimal range is known to 
exacerbate iron corrosion and decrease TCE dechlorination rates '*. While our choice of 
catalyst loading is to be consistent with earlier studies to permit a fair evaluation of 
different bimetallic systems ©, the results may overestimate the aging effects in field 


conditions where a much lower Pd content is used. 
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Table 5.1. Pertinent kinetic, isotopic, and production distribution parameters of TCE 
hydrodechlorination reactions with fresh and aged Pd-Fe BNPs 


Solution k,, (107 Lg? min") * pulk  €1cEHDcC Ethane Selectivity ° 
Fe nanoparticles (2.15+0.64)x 10°  -15.842.6  -13.7 0.08 
Fresh Pd-Fe 1.37 + 0.68 -1.640.2 -2.5 0.88 
Pd-Fe aged in DDI N.D? -4.640.7 -2.8 0.54 
Pd-Fe aged in 20 mg/L HA 0.37 + 0.08 49412 -6.0 0.70 
Pd-Fe aged in 5 mM CI N.bD. -10.842.5  -14.0 0.12 
Pd-Fe aged in 5 mM SO,” 0.24 + 0.03 -126+0.1 -14.3 0.23 
Pd-Fe aged in 5 mM SO,” 0.12 + 0.03 6.5416  -15.0 0.29 
Pd-Fe aged in 5 mM HPO,” 0.55 + 0.04 -6.841.5  -10.0 0.29 
Pd-Fe aged in 1 mM HCO; N.D? N.DS -0.5 0.57 
Pd-Fe aged in 1 mM NO; N.bD? N.D‘ -2.3 0.58 


“ Estimated by fitting experimental data (t > 35 min) to pseudo-first-order kinetic model. 
> Not determined (N.D.) due to severe deviation from pseudo-first-order kinetics. 

© Not determined (N.D.) due to limited TCE conversion and poor fits to the Raleigh 
equation (Fig. 5.9). 

4 Estimated from ethane produced over total product formation at ~ 90% conversion of 
TCE or the last sampling point for strongly deactivated particles. 
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Figure 5.1. (a) Reductive dechlorination of TCE by fresh Pd-Fe nanoparticles and (b) 


changes in 5!3C values of TCE and reaction products during the experiment. Nanoparticle 
dose was | g/L. 
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Figure 5.2. (a) Reductive dechlorination of TCE by fresh Fe nanoparticles and (b) 
changes in 8!3C values of TCE and reaction products during the experiment. Nanoparticle 
dose was 4 g/L. 
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Figure 5.3. TCE degradation by (a) fresh and moderately deactivated and (b) severely 
deactivated Pd-Fe nanoparticles. Aging was conducted by immersing freshly made Pd-Fe 
in various aqueous solutions for 24 h prior to TCE experiments. Initial TCE concentration 
was 50 mg/L. Dose of Pd-Fe was 1| g/L and 2 g/L for fresh and aged particles, 
respectively. 
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Figure 5.4. Product distribution and carbon isotope fractionation during TCE degradation 
by Pd-Fe aged in the presence of (a) 20 mg/L humic acid, (b) 5 mM sulfite, (c) 5 mM 
phosphate, and (d) 5 mM sulfate. The initial pH of the aging solutions was in the range of 
7A - 8.2. 
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Figure 5.5. Product distribution and carbon isotope fractionation during TCE degradation 
by Pd-Fe aged in the presence of (a) distilled deionized water (DDI), (b) 5 mM chloride, 
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(c) | mM carbonate, and (d) | mM nitrate. The initial pH of the aging solutions was in 
the range of 7.4 - 8.2. 
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(b) Deactivation Mode 


i) Surface deposition 
(e.g., aging in DDI or HA) 


ii) Catalyst poisoning 
(e.g., aging in Cl or SO3*) 


iii) Anodic passivation 
(e.g., aging in NO; or HCO) 


iv) Selective deactivation 
(e.g., aging in SO,2" or HPO,”) 


Figure 5.6. Proposed mechanisms for Pd-Fe BNP deactivation in different groundwater 
media. (i) Surface accumulation of iron oxidation products, (ii) direct poisoning of Pd 
catalyst, (iil) interaction of Fe surface with passivating anions inhibiting Fe corrosion and 
H2 production; and (iv) selective deactivation of hydrogenation sites. 
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Figure 5.7. Isotope fractionation during TCE hydrodechlorination by freshly made 


monometallic Fe and Pd-Fe nanoparticles and fitting of the experiment data to the 
Raleigh model. 
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Figure 5.8. TCE degradation by Pd-Fe bimetallic nanoparticles aged in 5 mM Cl 
solutions for 24 hours. Solid symbol: aged Pd-Fe without surface cleaning. Hollow 
symbol: aged Pd-Fe cleaned by sonicating in deionized water for 3 minutes before 
collection by vacuum filtration and subsequent use in TCE hydrodechlorination 
experiments. The results suggest that the initial degradation of TCE by the aged Pd-Fe 
without the ultrasound cleaning procedure was due to a limited amount of reactive 
hydrogen species accumulated on the Pd-Fe surface during aqueous aging. Removing the 
reactive hydrogen species by sonication renders the particles to be completely unreactive 
towards TCE. 
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Figure 5.9. Raleigh plots of isotope fractionation during TCE degradation by fresh and 
aged Fe or Pd-Fe bimetallic nanoparticles. To account for TCE adsorption to the solid 
phase, the first data point was not included and the fitted line was not forced to pass 
through zero. f = [TCE]/TCEo, and Q=R/Ro 
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Figure 5.10. TCE degradation by Al2O3-supported Pd. The particles were prepared by 
mixing a palladium acetate solution with a-Al2O3 particles for 30 min followed by H2 
purging for 30 min. Particles were immersed in various solutions for 24 h and were 
collected by filtration after aging. TCE experiment was performed by adding aged 
particles (dose of Pd at 14 mg/L) into a TCE solution (Co = 50 mg/L) amended with 2.5 
g/L fresh iron nanoparticles as a hydrogen source. 
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CHAPTER SIX 


Surface Sulfided Nanoscale Zero-Valent Iron (nZVI) for Reductive Dechlorination 


of Trichloroethene 


6.1. Introduction 


Chlorinated ethenes (e.g., trichloroethene (TCE) and perchloroethene (PCE)) have 
had widespread uses as solvents, metal cleaning and degreasing agents, and intermediates 
in chemical manufacturing for decades !:7. Because of their limited aqueous solubility 
and high density, TCE and PCE are the major chemicals contributing to dense non- 
aqueous phase liquid (DNAPL) contamination in groundwater at the U.S. superfund sites 
3. Extensive research has been conducted to develop cleanup methods to remove 
chlorinated ethenes from the aquifers. /n situ bioremediation of chlorinated ethenes has 
been extensively studied, yet biological degradation often leads to incomplete 
dechlorination and as a result, the accumulation of chlorinated intermediates, such as cis- 
dichloroethene (c-DCE) and viny] chloride (VC) *°, that are more toxic and volatile than 
their parent compounds. Compared to biotic dechlorination, abiotic dechlorination can 
promote complete dechlorination as well as have relatively high dechlorination rates. A 
widely used material for abiotic dechlorination of TCE and PCE is zero-valent iron”!®, 


which has been intensively studied for in situ decontamination of groundwater impacted 


by chlorinated ethenes and other contaminants. 


Iron sulfide minerals draw attention as a reducing agent for chlorinated ethenes, 
and extensive studies have been conducted. Abiotic transformation of TCE and PCE by 
iron sulfides has been evaluated using pyrite (FeS2) !”*! and mackinawite (FeS) 714. 
These iron sulfide materials were able to degrade TCE at higher rates than other Fe(II) 
bearing minerals (e.g. magnetite and green rust), but their rates are still considerably 
slower than ZVI materials and they exhibit limited reductive capacities causing gradual 
declines in reaction rates even in dilute TCE *””°. More recently, a biphasic “Fe/FeS” 
nanocomposite showed great reactivity for TCE dechlorination compared to unamend Fe 


nanoparticles (nZVI). Kim et al 7’ proposed a method of preparing the “Fe/FeS” 


162 


Texas Tech University, Yanlai Han, August 2016 


nanoparticles by introducing sodium dithionite, a reducing agent used widely in research 
and industrial applications 78, into the synthesis mixture of nZVI and systematically 
investigated the structure of these “Fe/FeS” nanoparticles. It was hypothesized that the 
enhanced TCE reductive dechlorination performance of “Fe/FeS” nanoparticles was 
attributable to a good electron conductive property of the FeS phase compared to the 
oxide passivation layer of unamend nZVI. This argument is consistent with the fact that 
iron sulfide is a good semi-conductor material ??°3, which might facilitate electron 
transfer if the iron sulfide was deposited on the surface of the metallic iron phase. A 
recent study showed that sodium sulfide could also be used to prepare highly reactive 
sulfided nZVI with enhanced TCE dechlorination reactivity *4, and the authors proposed 
that iron sulfides have a higher binding capacity for TCE than iron oxide on the nZVI 
surface, and an iron sulfide overlayer is more effective at conducting electrons from the 
Fe(0) core to TCE than an oxide layer. However, none of these studies have 
systematically examined the effect of various sulfidation conditions on the reactivity of 
the resultant materials, the applicability of sulfidation to other forms of ZVI (e.g. 
conventional Fe granules or powder), and the specific role of sulfide species in the iron 


matrix in reductive dechlorination reactions. 


This research employed different sulfidation conditions to synthesize sulfided 
nZVI of varying properties. The structure, mineral composition, and surface chemistry of 
the sulfided nZVI were characterized by transmission electron microscopy (TEM), X-ray 
powder diffraction (XRD) and high-resolution X-ray photoelectron spectroscopy (HR- 
XPS). TCE was used as a model chloroethene to evaluate the reactivity of the sulfided 
nZVI. In addition, a facile sulfidation treatment was applied to commercial iron filings to 
investigate whether surface sulfidation represents a general approach to enhance the 
performance of ZVI materials for TCE dechlorination. More importantly, by examining 
the reaction rates, pathways, and product distribution, we offered mechanistic insights 


into enhanced dechlorination ability of sulfided iron particles. 
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6.2. Materials and Methods 
6.2.1 Chemicals 


TCE (99.5%), trans-dichloroethene (trans-DCE, 98%), cis- dichloroethene (cis- 
DCE, 97%), and /,/- dichloroethene (/,/-DCE, 99%) were purchased from Aldrich. 
Vinyl chloride (VC, 1000 g/mL in methanol) was purchased from AccuStandard. Iron 
(III) chloride hexahydrate (FeCl3"6H20, 97.0%-102.0%) and sodium sulfide nonahydrate 
(Na2S#9H20, 98%) were from Alfa Aesar. Sodium thiosulfate anhydrous (Na2S203, 
99.6%), sodium dithionite (Na2S2O4, 99%) and ethanol (95%) were obtained from Fisher 
Scientific. Paraffin mixture (1000 ppm of methane, ethane, propane, butane, pentane, and 
hexane in helium) and olefin mixture (ca. 1000 ppm of ethene, propylene, 1-butene, 1- 
pentene, and 1-hexene in helium) were obtained from Matheson Tri-Gas and were used 
as calibration standards. Peerless™ Iron filings (PMP Iron 50D) were provided by 
Peerless Metal Powders & Abrasive (Detroit, MI, USA). Amorphous iron sulfide (FeS) 
was synthesized in the lab following the method by Butler and Hayes *°. Deoxygenated 
deionized-distilled water (DDI), prepared by purging DDI with N2 for 30 min, was used 


in all procedures including particle synthesis and TCE dechlorination experiments. 
6.2.2 Preparation of Sulfided nZVI (S-nZVI) 


nZVI was synthesized using the borohydride reduction method. Briefly, 10.8 g of 
FeCl3-6H20 were dissolved in a 500-mL solution mixture of distilled de-ionized (DDI) 
water and ethanol (1:1, v/v). 500 mL of 0.4 M NaBHsg solution was introduced to the 
ferric solution at approximately 17 mL/min under intensive mixing. Sulfided nZVI 
particles (denoted as S-nZVI) were prepared using two approaches. The first approach 


follows that of Kim et al 7” 


, in which an appropriate amount of a sulfidation reagent was 
introduced into the borohydride solution and the mixture was pumped into the Fe(III) 
solution. As the sulfidation reagent was applied before the onset of nZVI synthesis, we 
refer to this as the “initial sulfidation” method. Three common sulfur compounds were 
evaluated as sulfidation reagents in this study, namely, sodium sulfide (Na2S), and 
sodium dithionite (Na2S204), and sodium thiosulfate (Na2S2O03). In the second approach 


(referred to as “post-synthesis sulfidation” method) , a sulfidation reagent was dosed into 
164 


Texas Tech University, Yanlai Han, August 2016 


the synthesis mixture at 10 min and 20 min after the borohydride solution was introduced 
into the Fe(III) solution. The dose of the sulfur compound was varied such that the mole 
ratio of sulfur compound to ferric salt in the synthesis mixture (denoted as S/Fe mole 


ratio) was the range of 1.25 x 10° to 0.75. 
6.2.3 Commercial Iron Sulfidation Treatment 


Peerless™ iron filings were used to investigate whether the surface sulfidation 
treatment could increase the iron filings reactivity on TCE dechlorination. The sulfidation 
treatment process on Peerless™ iron filings (with the resultant particles denoted as S- 
Peerless™ Fe) involved immersing Peerless™ Fe in dilute HCl to remove the surface 
passivation film. The acid-washed particles were collected using vacuum filtration and 
the solids were mixed with sulfur precursor solution. S/Fe mole ratio was fixed at 0.05 
for all batches of S-Peerless iron. Sodium thiosulfate was used as the sulfur precursor for 


all commercial iron. 
6.2.4. TCE Dechlorination Experiments 


Batch TCE dechlorination experiments were performed to compare the reactivity 
of sulfided iron prepared under different synthesis conditions. All batch experiments were 
conducted in 45-mL EPA vials containing 30 mL of aqueous solution and the balance as 
headspace. The initial pH of all solutions was adjusted to between 7.8-8.2 using dilute 
NaOH or HCI to simulate the typical pH in groundwater. The solutions were amended 
with 5 g/L of S-nZVI or 10 g/L of S-Peerless™ Fe, respectively (doses as dry weights). 
The vials were capped with PTFE-lined mininert valves. Experiments were started by 
injecting a small volume of TCE (in methanol) stock solution to reach an initial TCE 
concentration of 25 mg/L. The reactors were placed on a wrist-action shaker rotating at 
250 rpm at 22 +/- 1 °C. Control experiments without iron materials were performed in 


parallel. 
6.2.5. Analytical Methods 


Periodically, an aliquot (25 - 50 uL) of headspace gas was withdrawn using a 


gastight syringe. The samples were directly injected into a GC-FID system (Agilent 6890) 
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equipped with an Agilent PoraPlot Q column (25 m x 0.32 mm) to analyze for the 
concentrations of TCE, chlorinated intermediates (not detected in this study), acetylene, 
ethene, ethane, and longer chain hydrocarbons (up to Ce). The injection port was 
maintained at 250°C, and the oven temperature profile followed the sequence of 35°C for 
5 min, ramp at 12°C/min to 220°C, and hold at 220°C for 5 min. The method provides 
adequate separation between TCE and the daughter products. TCE calibration line was 
constructed by headspace analysis of TCE aqueous standard solutions prepared in the 
same vials as experimental reactors. Calibrations for C2-C¢ hydrocarbons were performed 
using the commercial gas standards. The results were used to compute their total 
concentrations in the reaction vials after accounting for partition between headspace and 


aqueous phases using the respective Henry’s Law constants *>-*°, 


In this research, the product yield was used to characterize the major product 
formation during TCE dechlorination. It is defined as the amount of a product formed 


over the amount of parent compound reacted at a given time, which is expressed as 


Pit 


Product Yield = ————— 
TCE — TCE; 


() 


where Pi, is the amount of daughter product i at a given time, and TCE, and TCE; are the 
amounts of TCE in the reactor at the beginning and at a given time, respectively. Carbon 
recovery was calculated by summing up the amounts of TCE and daughter products 
detected in the reactor in terms of C2 equivalents (e.g., 1 mole of butane = 2 mole of C2 


equivalent) 
6.2.6. Material Characterization 


Particles were dried immediately after synthesis or aging treatments in a glove- 
box purged with high purity No for up to 48 h. The dried solids were stored in N2-fillled 
gastight vials prior to analysis. Morphology of the particles was characterized with a 
transmission electron microscope (TEM) (JOEL 1200 EX) using the conventional bright- 
field imaging mode at an electron acceleration voltage of 175 kV. All TEM samples 


were prepared by depositing 1-2 drops of dilute ethanol suspension of the respective 
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solids on a TEM sample grid followed by air-drying at room temperature. An electron 


acceleration voltage of 180 kV was applied to obtain the TEM images. 


High resolution X-ray photoelectron spectroscopy (HR-XPS) analysis was 
performed on a PHI 5000 Versa Probe system using a monochromated AlKa radiation. 
Sample preparation follows the procedure we described previously in Chapter 3.5. High- 
resolution scans were acquired at a 45° takeoff angle and 23.5 eV pass energy. The 
software package CasaXPS (Version 2.3.16PR1.6) was used for HR-XPS spectral 
analysis. The binding energy was referenced to the Cls peak of adventitious carbon at 


284.6 eV. 
6.3. Results and Discussion 
6.3.1. Effect of Different Sulfur Precursors 


Three different sulfur precursors, namely sodium dithionite, sodium sulfide and 
sodium thiosulfate, were used to synthesize S-nZVI particles. S-nZVI was prepared using 
the “post-synthesis sulfidation” method, and the sulfur salts were added to the synthesis 
solution at 20 min after the onset of the borohydride reduction step. The mole ratio of 


27, 37 and 


S/Fe was fixed at 0.05 for three different sulfur precursors. Sodium dithionite 
sodium sulfide *4 have been used to prepare Fe/FeS nanoparticles and sulfided nZVI in 
previous studies. Other commonly available sulfur compounds such as sodium 
thiosulfate have not been evaluated as sulfur precursors. Figure 6.1 shows TCE 
dechlorination by S-nZVI prepared with different sulfur precursors. In general, S-nZVI 
prepared with the three sulfur precursors showed similar TCE dechlorination rates, 
therefore, sulfur precursor has a relatively small impact on the reactivity of S-nZVI. 
Compared to unamended nZVI, which took approximately 24 days to achieve 90% TCE 
removal (Figure 6.1), reactions with S-nZVI achieved an equivalent TCE removal in 7 


hours, representing an increase in TCE dechlorination rate constant by a factor of 60 


(Table 6.1). 


Pseudo-first-order rate constants, yields of major products, and carbon mass 


recovery results of TCE dechlorination by various S-nZVI are shown in Table 6.1.The 
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product distribution observed for nZVI in this study is consistent with that reported in the 
previous studies '*: '® °8: ethene and ethane emerge as the primary products (yielding for 
17.2% and 6.5%, respectively, of the total carbon in the system). Unless otherwise noted, 
product yields in this study were measured when 90% of TCE was consumed. Longer- 
chain hydrocarbons (C3-C¢ species) contribute to 5.7% of the total carbon. DCE isomers 
and VC, which are the intermediates of TCE hydrogenolysis reactions, were not detected 
during the entire experiment period, indicating that TCE dechlorination followed 


predominantly the B-elimination pathway. 


Comparison of product speciation and distribution during TCE reductive 
dechlorination by S-nZVI and the unamended nZVI suggests significant differences 
between the two systems. In addition to ethene and ethane, a noticeable amount of 
acetylene was formed during TCE reductive dechlorination by S-nZVI. Acetylene 
exhibits a typical reaction intermediate behavior, the concentration of which accumulated 
at initial stage of TCE dechlorination and then decreased with time. One noticeable 
aspect is that the yields of ethene and ethane by S-nZVI were notably higher than those 
by nZVI. Table 6.1 shows that the yields of ethene and ethane were 43.5% and 10.3%, 
respectively, when S-nZVI prepared with sodium thiosulfate was used. The values are 
much higher than those by nZVI. Similar observations can be made for S-nZVI derived 
from sulfide and dithionite precursors. Considering that acetylene was not completely 
consumed at the last sampling point where product yields were quantified, the final yields 
of ethene and ethane could be even higher when acetylene is completely converted to 
ethene and ethane. Separate ethene hydrogenation experiments by nZVI and S-nZVI 
prepared using the “20 min post-synthesis sulfidation” method were conducted. 
Continuous monitoring of the reaction mixture for 2 months showed that only 3% of 
ethene was hydrogenated to ethane by S-nZVI, while no ethane formation was observed 
by nZVI. Heavier hydrocarbons were not detected for both S-nZVI and nZVI during the 
ethene hydrogenation experiments over the 2-month period (Data not shown). Moreover, 
continuous monitoring of product distribution after TCE was completely dechlorinated by 
S-nZVI for up to 2 months indicates the ratio of ethene over ethane was nearly constant 


(data not shown). These two sets of experiments confirmed that ethene was not a 
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precursor of ethane and longer hydrocarbons. Instead, ethene and ethane were formed in 
parallel from acetylene as an intermediate. Based on the analysis, a kinetic model is 
proposed here, in which TCE undergoes f-elimination reaction to form chloroacetylene, 
which rapidly decomposes in water to give rise to acetylene. Further, acetylene 
hydrogenation leads to concurrent formation of ethene and ethane (Figure 6.2). Modeling 
software package, Scientist v 3.0 (Micromath, St. Louis, MO, USA) was used to model 
the TCE degradation and its daughter products formation and it results in good fit of the 
experimental data (Figure 6.3), confirming the validity of the model (Kinetic model 


equations are in Supporting Information). 
6.3.2 Effect of Sulfidation Procedure: Initial Sulfidation vs. Post-synthesis Sulfidation 


As sulfur precursor was found to pose a minor effect on the particle reactivity, 
thiosulfate was consistently used as the sulfur precursor in all subsequent investigations. 
Two sulfidation methods were adopted, namely the “initial sulfidation” method and 
“post-synthesis sulfidation” method (refer to Section 6.2.2). For the post-synthesis 
sulfidation method, thiosulfate was added at either 10 min or 20 min, respectively. The 
mole ratio of S/Fe was fixed at 0.05. Figure 6.4 shows TCE dechlorination and daughter 
products formation as a function of time by S-nZVI prepared by the “initial sulfidation 
method” and “10-min post-synthesis sulfidation” method, respectively. In general, 
acetylene formation was observed in both reactors, and the rates of TCE degradation 
were similar among the different types of S-nZVI. Product distribution data in Table 6.1 
indicates that the time point at which the sulfur salt was introduced into the synthesis 
broth exerts negligible effects on the particles dechlorination reactivity and TCE 


dechlorination pathway. 


In spite of comparable reactivity behavior, the morphology and structure of S- 
nZVI generated by the “initial-sulfidation” method and “post-synthesis sulfidation” 
method were drastically different based on the TEM images presented in Figure 6.5. The 
S-nZVI synthesized by “20-min post-synthesis sulfidation” method comprises of 
spherical particles with the average size of approximately 20 nm. The structure of this 


type of S-nZVI resembles the classical nZVI structure, with a core-shell structure and 
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chain-like particle aggregation as described in previous studies * 3?*°. In contrast, S- 
nZVI synthesized by the “initial sulfidation” method displays particles of heterogeneous 
morphology and a large variation in size from 10 nm to 100 nm. Further, the typical core- 
shell structure of nZVI was not observed, and some dense particles were surrounded by 
“branch-like” structures of lower contrast, and the observation of this structure was 


similar to those noted in the previous works 77-4, 


Figure 6.6 shows the S 2p3/2 HR-XPS spectra of S-nZVI produced using the 
“initial sulfidation” method and “‘20-min post sulfidation” method. The peak at 160.7 eV 
is assigned to monosulfide, S$”, the peak at 162.1 eV is assigned to disulfide, S2*, the 
peak from 163.4 eV to 165 eV is assigned to elemental and polysulfide species, S,7 and 
Ss°, and the peaks at 166 eV and 169 eV are from SO3~ and SOx”, respectively. Figure 
6.6a shows that the surface of S-nZVI prepared using the “initial sulfidation” method was 
mainly composed of S2” and S*. No evident peaks of Sn”, SO3* and SO4”” were detected, 
which is different from a previous study using a similar synthesis process *!. Figure 6.6b 
shows the surface of “post-synthesis sulfidation” particles consists of S27, S*”, Sn” and 
SOx”. X-ray diffraction (XRD) analysis was also conducted on these two types of S- 
nZVI and the corresponding XRD patterns were provided in Figure S6.1 (Supporting 
Information). The diffraction patterns indicate the presence of bbc Fe and magnetite, but 
no iron sulfide phase could be identified, suggesting that the iron sulfide coating formed 
on the S-nZVI is amorphous in nature. Considering that the particles generated using the 
“‘20-min post-synthesis sulfidation” have the most uniform and consistent morphology, 


all S-nZVI used in the subsequent investigations was prepared using this method. 
6.3.3 The Effect of S/Fe Mole Ratio 


The effect of S/Fe ratio on TCE dechlorination rate was investigated. The mole 
ratio of S/Fe ranged from 0.00125 to 0.75, and the influence of S/Fe mole ratio on TCE 
dechlorination rate constants is shown in Figure 6.7. It can be seen that the reaction rate 
increased dramatically as S/Fe mole ratio increased from 0.00125 to 0.0125. Further 
increasing the S/Fe ratio, however, did not result in appreciable increase in the TCE 


dechlorination rate. 
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Yields of major products, shown in Figure 6.8, also feature distinctive trends with 
S/Fe mole ratio. When S/Fe mole ratio was in the range of 0.00125 to 0.0125, no 
acetylene formation can be observed, and the distribution of products is similar to that of 
nZVI (Table 6.1). Interestingly, even though S-nZVI with lower S/Fe mole ratio exhibits 
a similar product distribution pattern as the unamended nZVI, the dechlorination rates of 
these lightly sulfided S-nZVI are substantially higher than that of the unamend nZVI. 
When S/Fe mole ratio increased beyond 0.0125, substantial acetylene formation was 


observed. 


The total yields of C2 products (i.e., sum of ethene, ethane and acetylene yields) 
when 90% of TCE removal was achieved are shown in Figure 6.9. S-nZVI in general 
delivers a higher yield of C2 products than nZVI. The increase in total yields of C2 
products was more evident when S/Fe mole ratio is greater than 0.0125, suggesting 
sulfidation treatment favors the production of ethene and ethane over longer-chain 


hydrocarbons. 


To summarize this section, S/Fe mole ratio has a critical impact on the reactivity 
of S-nZVI particles. S/Fe mole ratio values can be divided into two regions. Within the 
range 0.00125 to 0.0125, increasing S/Fe ratio could dramatically increase the particles 
reactivity for TCE dechlorination, whereas within the range between 0.025 to 0.75, 
increasing S/Fe mole ratio does not significantly increase the TCE dechlorination rate, 
but results in a noticeable shift in reaction pathway that favors the production of two- 


carbon products. 
6.3.4 Sulfidation Treatment Process for Peerless™ Iron Filings 


Surface sulfidation treatment for Peerless™ iron filings (denoted as S-Peerless™ 
Fe) was conducted. TCE pseudo-first-order dechlorination rate constants by Peerless™ 
iron filings and S-Peerless™ Fe, and major products yields of different types of 


commercial iron are listed in Table 6.2. 


It was observed that the surface of as-received Peerless™ iron filings was 


severely oxidized. TCE dechlorination experiment conducted using the as-received 
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Peerless™ iron filings took approximately 75 days to achieve more than 90% degradation 
of TCE at an iron dose of 10 g/L. Ethene and ethane were the predominant products. 
Peerless™ iron after acid washing process increased TCE dechlorination rate 
significantly, shortening the time required for TCE dechlorinaiton to approximately 19 


days with 93% TCE removal (Figure S6.2a, Supporting Information). 


However, Peerless™ iron after an acid pretreatment followed by surface 
sulfidation treatment process can dramatically enhance TCE dechlorination rate, in which 
TCE degradation could be completed within 2 days. The products distribution results 
during TCE dechlorination by Peerless™ iron filings and S-Peerless'™ Fe presented 
similar results as facile sulfidation treatment process on nZVI (Table 6.2). For the 
Peerless™ iron filings without sulfidation process, no acetylene formation was observed 
during the TCE dechlorination by Peerless™ iron filings as received and Peerless™ iron 
filings pre-washed by diluted HCl, and ethene and ethane were dominant species formed, 
yielding for approximately 50% and 10%, respectively. It can be seen clearly that if 
Peerless™ iron filings treated with sulfidation process, the products distribution analysis 
identified that acetylene was the predominant product accounting for at least more than 
55% yield when 10% of TCE left. We kept monitoring the products transformation (S- 
Peerless™ iron batch No.6) for 20 days, and found that the completion of acetylene 
hydrogenation took around 18 days (Figure $6.3, Supporting Information), indicating 
acetylene hydrogenation is not as fast as that of S-nZVI. Higher yield of C3-C6 species 
formation by Peerless™ iron and S- Peerless™ were observed compared to nZVI and S- 


nZVI, which might be attributed to the impurities of Peerless iron filings. 
6.4. Discussion 
6.4.1 S-nZVI 


Previous studies examined the effects of different S/Fe mole ratio on S-nZVI 
reactivity with respect to TCE dechlorination, yet no detailed studies has been conducted 
from products distribution point of view *4. Considering TCE reaction rate and product 
distribution, one may categorize S-nZVI particles into two groups based on the S/Fe mole 


ratio used during S-nZVI synthesis: (1) S-nZVI prepared at an S/Fe mole ratio between 
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0.025 to 0.75 is referred to as S-nZVI prepared under “normal sulfur loading condition,” 
and (2) S-nZVI prepared at an S/Fe mole ratio between 0.00125 to 0.0125 is defined as S- 


nZVI with “low sulfur loading condition.” 


Recent studies attributed the enhanced TCE dechlorination by S-nZVI to that iron 
sulfides could facilitate electron transfer and enhance surface binding with TCE 
compared to the unmanned nZVI *”**. However, if the facilitation of electron transfer or 
enhanced binding of TCE on S-nZVI surface are responsible for the enhancement in TCE 
dechlorination, one would expect the product formation and distribution should be same 
as those by nZVI. TCE dechlorination by S-nZVI with “normal sulfur loading condition” 
clearly showed substantial acetylene formation in this research. Therefore, the sulfide 
species in the iron matrix should affect the chemistry of TCE dechlorination than merely 
enhancing the rate of electron transfer. On the other hand, TCE adsorption experiments 
did not support more TCE binding with iron sulfide minerals than with nZVI, thus the 
hypothesis that an FeS surface layer enhances TCE adsorption cannot be substantiated. 
Several previous studies presented that TCE reductive dechlorination by iron sulfide 
materials (e.g., mackinawite (FeS) and pyrite (FeS2)) resulted in acetylene being the 
predominant daughter product, yet no further hydrogenation products (e.g., ethene and 
ethane) were observed in these studies !* 7 73-6 4. Tt is notable that TCE dechlorination 
rate by iron sulfide was extremely slow. Summarizing previous studies, TCE reduction 
by iron sulfides leads to the accumulation of acetylene during the slow TCE reductive 
dechlorination process. We also conducted acetylene hydrogenation experiment by iron 
sulfide alone, and no acetylene hydrogenation happened over 2 weeks (data not shown), 
suggesting that even though iron sulfide could reductively dechlorinate TCE to form 
acetylene, it was not able to enable acetylene hydrogenation. On the other hand, it is 
reported that accumulation of acetylene was rarely observed during TCE reductive 
dechlorination by ZVI particles, mainly because acetylene was highly reactive and could 
undergo coupling reactions on the metal surface ** “°-4, As a result, as soon as acetylene 
was formed on iron particles, it was rapidly consumed. Therefore, the accumulation of 
acetylene during TCE dechlorination by S-nZVI in this case was not possibly associated 


with Fe(0) but more with deposition of iron sulfides species on S-nZVI. Given the 
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features of TCE dechlorination by iron sulfides and nZVI, we proposed a strong 
synergistic effect occurred to TCE reductive dechlorination by S-nZVI with “normal 
sulfur loading condition.” The iron sulfide component on the S-nZVI accounts for the 
quick formation and accumulation of acetylene, and the rapid acetylene hydrogenation is 
mediated by the Fe(0) phase of the S-nZVI. We also conducted a separate TCE 
dechlorination experiments by a physical mixture of amorphous iron sulfide and nZVI 
(Figure $6.4). Compared TCE dechlorinated rate and distribution of products to S-nZVI 
and unamended nZVI, TCE dechlorination rate increased significantly compared to nZVI 
but still much was slower than that by S-nZVI, yet the acetylene hydrogenation was 
exceedingly slow compared to that by S-nZVI. Accordingly, rapid TCE dechlorination by 
S-nZVI with “normal sulfur loading” condition is owing a strong synergistic effect of this 


biphasic structure. 


For S-nZVI prepared under a “low sulfur loading condition,” TCE dechlorination 
pathway was different compared to S-nZVI with “normal sulfur loading condition.” 
Based on daughter product formation and distribution analysis, S-nZVI with “low sulfur 
loading condition” exhibits a reaction pathway similar to that of nZVI, however, TCE 
dechlorination rate was evidently enhanced compared to the unamend nZVI. The 
distribution of products of TCE degradation by S-nZVI under the “low sulfur loading 
condition” suggests that TCE degradation process mainly mediated by Fe(0) phase. 
Therefore, the TCE dechlorination was still mediated by Fe(0) phase, while the enhanced 
dechlorination rate is owing the iron sulfides species on the S-nZVI particles surface. The 
rate-limiting step for TCE degradation by different ZVI materials was different. One 
popular argument attributes the transfer of dissociative electron transfer is the rate- 
limting stpe, while the formation of surface-bounded intermediate is another prevailing 
hypothesis. In this research, no more effort have been made to identify which one is the 
rate-limiting step, but the iron sulfides species on S-nZVI synthesized under this 


condition could contribute to overcome the rate-limiting step. 


Acetylene hydrogenation was conducted using nZVI and S-nZVI prepared at 


different S/Fe mole ratios, and the results are shown in Figure 6.10. The results illustrated 
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that acetylene was rapidly consumed, and acetylene hydrogenation rate by nZVI and S- 
nZVI at an S/Fe mole ratio of 0.00125 was even faster than S-nZVI prepared at a higher 
S/Fe mole ratios of 0.05 and 0.25. It is widely acknowledged that TCE reductive 
dechlorination by iron particles or iron sulfides mainly follows the B-elimination pathway 
22, 38" and acetylene was the precursor of ethene and ethane. Given the fact that acetylene 
could be rapidly consumed by different types of S-nZVI and nZVI, the S-nZVI under 
“normal sulfur loading condition” could rapidly complete the B-elimination step and 


therefore enhance the whole TCE dechlorination rate compared to TCE degradation by S- 
nZVI under the “low sulfur loading condition” or by nZVI. 


6.4.2 S-Peerless™ Filings 


Previous studies indicate that dithionite could be used as an effective reductant to 
restore the reactivity of passivated nZVI by reducing Fe(III) to Fe(II), or even reducing 
Fe(II) to Fe(0) under alkaline conditions *!:*>*°. Xie et al >” conducted detailed research 
about the effect of dithionite reducing effects on passivated nZVI covered with different 
iron oxides and indicated that dithionite cannot reduce oxide phases such as lepidocrocite 
to restore the reactivity of nZ VI, however, dithionite could restore nZVI reactivity if the 
surface passivation layer was mainly comprised of magnetite. However, our data suggests 
that the enhancement of TCE reductive dechlorination was not due to the reduction of 
Fe(III) to Fe(J) but mainly to the formation of iron sulfide at the interface between Fe(0) 


and water which can speed up the initial (1.e., B-elimination) step of TCE dechlorination. 
6.5. Conclusions 


In this study, TCE dechlorination by S-nZVI prepared under different sulfidation 
conditions were studied. Among the key parameters involved in the sulfidation process, 
S/Fe mole ratio has significant effects on the rate and pathway of TCE dechlorination by 
S-nZVI. If S/Fe mole ratio is higher than 0.025, TCE dechlorination rate can be 
significantly enhanced owing to the increase in the rate of the B-elimination step. If the 
S/Fe mole ratio is between 0.00125 and 0.0125, enhanced TCE dechlorination is possibly 
owing to the facilitation of electron transfer or owing to the enhanced binding capacity of 


TCE on S-nZVI. Sulfidation treatment can tremendously enhance TCE dechlorination 
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performance of Peerless™ iron filings. This enhanced TCE dechloriation effect is due to 
the formation of FeS on the surface Fe(0), which brings about a strong chemical synergy 


for rapid TCE conversion that is not attainable with FeS or Fe(0) alone. 
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Figure 6.1. TCE dechlorination by sulfided nZVI (s-nZVI) prepared using different 
sulfur precursors. All particles were prepared using the “‘20-min post-synthesis 
sulfidation” method. The mole ratio of sulfur precursor to iron (S/Fe mole ratio) was 
fixed at 0.05. Initial TCE concentration was approximately 25 mg/L. Solid dose was at 5 
g/L. Initial pH was between 7.8-8.1. 
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Figure 6.2. Pathways for TCE reductive dechlorination by nZVI and S-nZVI. 
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Figure 6.3. TCE dechlorination by (a) nZVI, (b) S-nZVI prepared with sodium sulfide, (c) 
sodium dithionite, and (d) sodium thiosulfate, respectively. The “20-min post-synthesis 
sulfidation” method was used for (b) — (d). S/Fe mole ratio was fixed at 0.05. Initial TCE 
concentration was approximately 25 mg/L. Nanoparticles dose was at 5 g/L. Initial pH 
was between 7.8-8.1. 
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Figure 6.4. Product formation during TCE dechlorination by S-nZVI prepared using the 
(a) “initial sulfidation” method (b) and “10-min post-synthesis sulfidation” method, 
respectively. All particles used sodium thiosulfate as the sulfur precursor. S/Fe mole ratio 
was fixed at 0.05. Nanoparticles dose was at 5 g/L. Initial pH was between 7.8-8.1. 
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Figure 6.5. TEM micrographs of S-nZVI prepared using the “initial sulfidation” method 
(labeled with “0 min’) and “20-min post-synthesis sulfidation” method (labeled with “20 
min”), respectively. S/Fe mole ratio was at 0.05. 
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Figure 6.6. XPS S 2p3,2 spectra of S-nZVI prepared using (a) the “initial sulfidation” 
method and (b) “20-min post-synthesis sulfidation” method. Sodium thiosulfate was used 


as sulfur precursor, and S/Fe mole ratio was at 0.05 
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Figure 6.7. Impact of varying S/Fe mole ratio on TCE pseudo-first-order dechlorination 
rate constants. Nanoparticles were prepared using the “20-min post-synthesis sulfidation’ 
method. Nanoparticles dose was at 5 g/L. Initial pH was between 7.8-8.1. 
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Figure 6.8. Product formation during TCE dechlorination by S-nZVI prepared at an S/Fe 
mole ratio of (a) 0.5, (b) 0.0025, and (c) 0.00125, respectively. Nanoparticles dose was at 
5 g/L. Initial pH was between 7.8-8.1. 
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Figure 6.9. Total yield of C2 products (i.e., acetylene, ethene, and ethane) by S-nZVI 
prepared at different S/Fe mole ratios. Product yield was measured when approximately 
90% of TCE was degraded. Nanoparticles dose was at 5 g/L. Initial pH was between 7.8- 
8.1. 
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Figure 6.10. Acetylene hydrogenation by S-nZVI prepared at different S/Fe mole ratios. 
Initial acetylene concentration was 13 uM. Nanoparticles dose was at 5 g/L. Initial pH 
was between 7.8-8.1. 
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Table 6.1. Pseudo-first-order rate constants, product yields, and carbon mass recovery for 
TCE dechlorination by nZVI and S-nZVI synthesized under different conditions 


Particles type and synthesis conditions Products 


nZVI (Sampled at 24 day when 10% of Ethene 
TCE left) Ethane 


Acetylene 
C3-C6 
S-nZVI (20 min), soidum thiosulfate was Ethene 
used as precursor, and S/Fe mole ratio was Ethane 
at 0.05 (Sampled at 7 h) Acetylene 
C3-C6 
S-nZVI (20 min), soidum dithionite was Ethene 
used as precursor, S/Fe mole ratio was at Ethane 
0.05 (Sampled at 7 h) Acetylene 
C3-C6 
S-nZVI (20 min), sodium sulfide was used Ethene 
as precursor, S/Fe mole ratio was at 0.05 Ethane 
(Sampled at 7 h) Acetylene 
C3-C6 
S-nZVI (0 min), sodium thiosulfate was used Ethene 
as precursor, S/Fe mole ratio was at 0.05 Ethane 
(Sampled at 7 h) Acetylene 
C3-C6 
S-nZVI (10 min), sodium thiosulfate was Ethene 
used as precursor, S/Fe mole ratio was at —_ Ethane 
0.05 (Sampled at 7 h) Acetylene 
C3-C6 
S-nZVI (20 min), soidum thiosulfate was Ethene 
used as precursor, and S/Fe mole ratio was Ethane 
at 0.0025 (Sampled at 26 h when 10% of — Acetylene 
TCE left) C3-C6 
S-nZVI (20 min), soidum thiosulfate was Ethene 
used as precursor, and S/Fe mole ratio was Ethane 
at 0.00125 (Sampled at 47.5 h when 10% Acetylene 
of TCE left) C3-C6 


Yield" 


17.2 
6.5 
0.0 
5.7 
43.5 
10.3 
4.5 
72 
32.6 
8.2 
10.3 
9.6 
39.0 
9.4 
72 
7.5 
44.9 
10.3 
1.3 
8.1 
50.1 
8.5 
10.3 
10.8 
Thi 
8.8 
0.0 
10.4 
29.0 
13.0 
0.0 
10.3 


C2 Mass recovery 
(%)" 
36.0 


68.0 


68.0 


67.4 


70.4 


86.8 


52.3 


57.0 


kops (10° Lg! min'')° 


0.0141 + 0.0008 


0.800 + 0.046 


0.780 + 0.210 


1.040 + 0.126 


0.900 + 0.084 


0.520 + 0.078 


0.420 + 0.007 


0.190 + 0.059 


“Product yield refers the product formation in terms of C2 over the TCE removal. C2 mass recovery referes the sum 
of remaining TCE and sum of daughter products in terms of C2 (i.e. , 1.5 mol of TCE = 1 mole C3Hg, 2 mol of TCE = 


1 mole C4Hjo). ° Pesudo first-order rate constant, uncertainties represents 95% confidence intervals. 
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Table 6.2. Effects of sulfidation conditions on pseudo-first-order rate constants, product yields, and carbon mass recovery for 
TCE dechlorination by different S-Peerless™ iron filings 


Preparation conditions Products Yield (%)* — kobs (LO*L g™! min’) > 
Peerless iron filings as received, without any treatment Ethene 49.3 N.A. 
Ethane 9.1 
Acetylene 0.0 
C3-C6 32.9 
Peerless iron filings followed acid pretreatment Ethene 47.3 0.099 + 0.007 
Ethane L329 
Acetylene 0.0 
C3-C6 32.9 
Peerless iron filings underwent acid pretreatment first, and then Ethene 5:2 1.164 + 0.402 
followed sulfidation treatment Aihave 13 
Acetylene 57.1 
C3-C6 18.5 


“Product yield was calculated when 90% of TCE removal was achieved, and product was calculated in terms of C2 mass (i.e., 
1.5 mol of TCE = 1 mole C3Hg, 2 mol of TCE = 1 mole C4Hio). "Pesudo first-order rate constant, uncertainties represents 
95% confidence intervals. 
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6.5. Support Information 
Kinetic model equations in differential equation format used in data fitting 


e TCE degradation by nZVI or S-nZVI without the acetylene formation 


d[TCE] 


ao —k [TCE] 
d|[Ethene| 
ear aaa —k,[Ethene]| 
d|[Ethane| 
Se —k, [Ethane | 


e TCE degradation by S-nZVI with the acetylene formation 


a[TCE] _ k ITCE 

ae IG 
d|Acetylene| 
gS k, [TCE] — k,[Acetylene] 
d|Ethene] 
——. = -k, [Acetylene] 

dt 

d|[Ethane| 
= —k, [Acetylene | 
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Figure S6.1. X-ray diffraction patterns of S-nZVI (0 min), S-nZVI (20 min), S-nZVI (20 
min) exposed to air for 1 week, and S-nZVI (20 min) aged in DDI water for 1 week. 
Sodium thiosulfate was used as sulfur precursor. S/Fe mole ratio was at 0.05. “Mag” 
refers to magnetite, and “ISH” refers to hydrous iron sulfate. 
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Figure $6.2. TCE dechlorination by Peerless™ iron filings prepared under different 
sulfidation conditions. TCE concentration was 25 mg/L. Particles dose was 10 g/L. Initial 
pH was between 7.8-8.1. 
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Figure $6.3. TCE dechlorination and major daughter product formation by S-Peerless™ 


iron filings. TCE concentration was 25 mg/L. Particles dose was 10 g/L. Initial pH was 
between 7.8-8.1. 
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Figure S6.4. TCE dechlorination and major daughter product formation by a physical 
mixture of amorphous iron sulfide and nZVI. TCE concentration was 25 mg/L. Dose of 


amorphous iron sulifde was | g/L, and dose of nZVI was 5 g/L. Initial pH was between 
7.8-8.1. 
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CHAPTER SEVEN 


Reductive Dechlorination of Chlorinated Ethenes by Sulfided Zero-Valent Iron 


Materials: Kinetic, Pathways, Aqueous Stability and Reaction Mechanism 


7.1. Introduction 


Chlorinated ethenes, such as tetrachloroethene (PCE) and trichloroethene (TCE), 
are widespread groundwater and soil contaminants in US superfund sites as the dense 
non-aqueous liquid (DNAPL) due to their extensive use as the industrial solvents for 
extraction, spraying, cleaning and degreasing '3. PCE and TCE are reported to be toxic, 
carcinogenic and mutagenic to human being and animals ¢, and they are also very 
recalcitrant to the nature attenuation degradation *, therefore, removing PCE and TCE 
from subsurface has been a primary environmental challenge for decades. Besides PCE 
and TCE, trans- dichloroethene (trans-DCE), cis-dichloroethene (cis-DCE), 1,1- 
dichloroethene (1,1-DCE) and vinyl chloride (VC) are chlorinated contaminants detected 


t 5-7 


in the subsurface environment °~’, and the accumulation of DCE isomers and VC are 


usually owing to the incomplete of bioremediation *? 


or are produced as the intermediate 
during the abiotic degradation '0.11 Furthermore, cis-DCE, /,/-DCE and VC are even 
more toxic and difficult to remove * '? compared to PCE and TCE. Therefore, the 
development of effective remediation technologies to remove chlorinated ethenes from 


subsurface has been an active research field for decades. 


Zero-valent iron (ZVI) materials have been extensively applied for the 
remediation of chlorinated ethenes in subsurface for 20 years '*"!7. The first field 
application of ZVI filled in permeable reactive barrier (ZVI-PBR) technology was 
reported at the Canadian Force Base, Ontario in 1991 to clean the aquifer contaminated 
with PCE and TCE !°. In 2002, ZVI-PBR was designated as a standard remediation 
technology by USEPA for plume treatment !*:7°. Wang and Zhang first reported that 
nZVI could degrade trichloroethene (TCE) and polychlorinated biphenyls (PCBs) with 
remarkable higher degradation rates than conventional ZVI *!. Nanoscale zero-valent iron 


(nZVI) is one of most prevalently used engineering nanoparticles for subsurface 
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remediation !*!+:'®-??, nZVI has been proved to be able to transform chlorinated ethenes 


23, 24 


into non-toxic end products , can be directly delivered to subsurface contamination 


source 7°’, and has the relatively higher dechlorination reactivity on chlorinated ethenes 
°8 due to the relatively higher surface areas compared to commercial ZVI. These specific 
advantages of nZVI render it a good flexible treatment technology for contaminants 
source remediation and an alternative to PRB-ZVI technology. However, one serious 
drawback about ZVI technology is that ZVI has low reactivity since the material is 
covered with an intrinsic passivation layer generated during its manufacturing and 


9 


handling process ”’, caused by the corrosion products during the reactions with 


contaminants when ZVI is in the aqueous environment °° 


, or generated during the 
interactions with groundwater common solutes 3°. Bimetallic nanoscale zero-valent 
iron (BNPs), by doping a small amount of catalyst (e.g., Ni or Pd) can significantly 
enhance the dechlorination rates towards PCE and TCE ***°. However, several concerns 
are aroused over the application of BNPs for subsurface remediation. Even though BNPs 
can rapid dechlorinate chlorinated ethenes, the particles undergone rapid deactivation 
when the particles exposed in complex groundwater media, which limits the application 
of BNPs for field application °°*°. Also, because iron-based BNPs contain heavy metals 


as the heavy metals, so the dissolution of heavy metals into the environment is another 


serious issue for BNPs application 7°. 


The nZVI after surface facile sulfidation treatment process using sodium 
dithionite as the sulfur precursor showed great reactivity on TCE dechlorination 
compared to unamend nZVI *!4, In our previous research, we have demonstrated that an 
enhanced f-elimination route could occur to enhance TCE degradation owing to this 
“iron sulfides/iron” biphasic structure when S/Fe mole ratios were over 0.0125. When S- 
nZVI was prepared when S/Fe mole ratios were within 0.00125 to 0.0125, TCE 
degradation rate could be increased yet the enhancement effect occurred to a smaller 
extent compared to that by S-nZVI synthesized with S/Fe mole ratio in a relative higher 
range. Also, we have also proved that a common type of commercial iron, Peerless iron, 
after sulfidation process could significantly enhance the TCE dechlorination compared to 


the iron without sulfidation process. 
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In this study, we chose three types of iron materials, one is laboratory synthesized 
nZVI followed by the borohydride reduction method, and the others are two typical types 
of commercial iron, Peerless iron filings and BASF carbonyl iron which are commonly 
used for subsurface remediation. Surface sulfidation treatment was conducted on these 
three iron materials, and sodium thiosulfate was used as the only sulfur precursor to 
prepare the sulfided iron materials. We systematically investigated sulfided iron materials 
reactivity on five typical types of chlorinated ethenes, namely tetrachloroethene (PCE), 
trichloroethene (TCE), cis-dichloroethene (cis-DCE), trans-dichloroethene (trans-DCE) 
and 1,1- dichloroethene (1,1-DCE). High resolution X-ray photoelectron spectroscopy 
(HR-XPS) was used to examine the surface compositions before and after sulfidation 
treatment process. Products formed during chlorinated ethenes dechlorination process 
were identified by gas chromatography- flame ionization detector (GC-FID). Sulfidation 
effects on dechlorination rates, pathways, and mechanisms of reductive dechlorination on 
chlorinated ethenes were proposed based on the product distribution analysis. We also 
assessed the chemical stability of sulfided ZVI materials through solution or air-exposing 


aging experiments. 
7.2. Materials and Methods 
7.2.1 Chemicals 


TCE (99.5%), trans-dichloroethene (trans-DCE, 98%), cis- dichloroethene (cis- 
DCE, 97%), and /,/- dichloroethene (/,/-DCE, 99%) were purchased from Aldrich. 
Vinyl chloride (VC, 1000 ug/mL in methanol) was purchased from AccuStandard. Iron 
(III) chloride hexahydrate (FeCl3"6H20, 97.0%-102.0%) and sodium sulfide nonahydrate 
(Na2S#9H20, 98%) were from Alfa Aesar. Sodium thiosulfate anhydrous (Na2S203, 
99.6%), sodium dithionite (Na2S2O4, 99%) and ethanol (95%) were obtained from Fisher 
Scientific. Paraffin mixture (1000 ppm of methane, ethane, propane, butane, pentane, and 
hexane in helium) and olefin mixture (ca. 1000 ppm of ethene, propylene, 1-butene, 1- 
pentene, and 1-hexene in helium) were obtained from Matheson Tri-Gas and were used 
as calibration standards. Peerless™ Iron filings (PMP Iron 50D) were provided by 
Peerless Metal Powders & Abrasive (Detroit, MI, USA). BASF carbonyl iron powder 
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was obtained from BASF Company (Ludwigshafen, Germany). Deoxygenated deionized- 
distilled water (DDD, prepared by purging DDI with N> for 30 min, was used in all 


procedures including particle synthesis and TCE dechlorination experiments. 
7.2.2 Sulfided nZVI Preparation Method 


The synthesis of sulfided nZVI (denoted as S-nZVI) involved the reduction of 
aqueous solution of Fe(III) and sulfur precursor by sodium borohydride, and sodium 
thiosulfate was used as the sulfur precursor. Briefly, 10.812 g of FeCl3*6H20 (0.08 M) 
were dissolved in 500 mL of distilled de-ionized (DDI) water and ethanol mixture (1:1, 
v/v). 500 mL of NaBH4 (0.4 M) was introduced into the ferric solution at approximately 
17 mL/min under intensive mixing. Appropriate amount of sodium thiosulfate was added 
into ferric solution after 20 min when NaBHg began to pump into ferric solution. The 
mole ratio between sulfur salt and ferric salt (Denoted as S/Fe mole ratio) was 
investigated. The S/Fe mole ratio is calculated as mole of sulfur salt divided by mole of 
ferric chloride used for S-nZVI synthesis, and the S/Fe mole ratio ranged from 0.00125 to 
0.50. In this research, the S-nZVI synthesized with S/Fe mole ratio at 0.05 was 
considered as the default procedure to prepare S-nZVI. The dry weight of particles was 
determined by using a halogen-lamp moisture analyzer (OHAUS MB45). 


7.2.3 Commercial Iron Sulfidation Treatment 


Two common types of commercial iron, Peerless™ iron filings and BASF™ 
carbonyl iron powder, were used to investigate whether the surface sulfidation treatment 
could increase the iron filings dechloriation reactivity on chlorinated ethenes. The 
sulfidation treatment process for commercial iron involved initial acid-wash and 
subsequent sulfidation treatment. Two type of commercial iron after sulfidation process 
were denoted as S-Peerless'™ Fe and S-BASF™ Fe, respectively. The S/Fe mole ratio is 
calculated as mole of sulfur salt divided by mole of iron, and the mole of iron is 
calculated that the weight of iron particles is divided by iron molecular weight. The S/Fe 


mole ratio was fixed at 0.05 for the commercial iron sulfidation treatment. 
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7.2.4. Reduction of Chlorinated Ethenes Experiments 


Reductive dechlorination of chlorinated ethenes experiments were performed to 
compare the reactivity of sulfided iron materials on chlorinated ethenes dechlorination. 
All batch experiments were conducted in 45-mL EPA vials containing 30 mL of aqueous 
solution and the balance as headspace. Experiments were performed with S-nZVI 
particles added at 5 g/L (dry weight) and an initial mass of chlorinated ethenes was at 
approximated 6 umol. For the dechlorination experiments by commercial iron, the 
particles dose was fixed at 10 g/L with the initial mass of chlorinated ethenes at 
approximately 6 umol. Control experiment without nanoparticles was performed in 
parallel. The vials were capped with Teflon Mininert valves and placed on a mechanical 
shaker at 250 rpm at room temperature. The initial pH of TCE solution was adjusted to 
the range between 7.8-8.2 by diluted NaOH or diluted HCl to simulate typical 


groundwater pH values. 
7.2.5 Aging Experiments 


Aging experiments were conducted in 45-mL EPA glass vials containing 30 mL 
of deoxygenated solutions amended with a groundwater solute at 0.1- 5 mM. Stock 
solutions of chloride, bicarbonate, nitrate, phosphate, sulfite, and sulfate were prepared 
from their sodium salts. Stock solution of humic acid (Sigma-Aldrich, used as received) 
was prepared at 50 mg/L and was ultrasonicated for 10 min prior to use. The initial pH of 
the solution with groundwater solute was adjusted with dilute NaOH or HCl to between a 
range of 7.7 - 8.3 to simulate the typical pH values encountered in groundwater. Freshly 
made S-nZVI (S/Fe mole ratio at 0.05) was added into each solution at 5 g/L (dry weight) 
and the vial was sealed and agitated on a mechanical shaker for 24 h or 1 months at room 
temperature (22 +/- 1 °C), respectively. The aged particles were collected by vacuum 
filtration and were used immediately in TCE degradation experiments. Freshly prepared 
S-Peerless™ Fe was exposed to air for 6 months to check the material reactivity over 


long-term air-exposing, and TCE was still used as the model contaminant. 
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7.2.6. Analytical Methods 


Periodically, an aliquot (25 - 50 uL) of headspace gas was withdrawn using a 
gastight syringe, and a gas chromatography system (Agilent 6890) with an Agilent 
PoraPlot Q column (25 m x 0.32 mm) and a flame ionization detector (FID) was used to 
identify and determine chlorinated ethenes as well as reaction intermediates and products. 
Samples were injected splitless mode at 250°C. The oven temperature (35°C for 5 min, 
ramp 12°C/min to 220°C, and at 220°C hold for 5 min) provided adequate separation 
between chlorinated ethenes and all chlorinated and non-chlorinated reaction products. 
TCE calibration line was constructed by headspace analysis of TCE aqueous standard 
solutions prepared in the same vials as experimental reactors. Calibrations for C2-Ce 
hydrocarbons were performed using the commercial gas standards. The results were used 
to compute their total concentrations in the reaction vials after accounting for partition 


between headspace and aqueous phases using the respective Henry’s Law constants *°-*°. 


In this research, the product yield was used to characterize the major product 
formation during the chlorinated ethenes reduction process. It is defined as the amount of 


product formation over the parent product removal at a given time, which expresses as 


Product Yield = —i 


(1) 


Eo— Et 


where Pi; is the amount of daughter product i at a given time, Eo is the initial 
concentration of certain chlorinated ethene, and Er is the concentration of chlorinated 
ethene at given time. Mass balance was calculated by summing up the amount of 
chlorinated ethene and daughter products detected in the reactor in terms of C2 


equivalents at a given time (e.g., 1 mole of butane = 2 mole of C2 equivalent). 
7.3. Results and Discussion 

7.3.1 Reduction of Chlorinated Ethenes by nZVI and S-nZVI 

7.3.1.1 Ethene and Acetylene 


Ethene and acetylene hydrogenation experiments by nZVI and S-nZVI (S/Fe mole 


ratio at 0.05) were conducted in order to identify the possible precursors of ethane and 
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longer hydrocarbons (C3-C6 species). Several previous published papers assumed ethene 
is the precursor of ethane by zero-valent iron materials 23,47, 48 however, our 
hydrogenation results suggest different scenario. For the ethene hydrogenation by nZVI, 
no ethane formation was observed over two months. Also, the ethene hydrogenation by 
S-nZVI was also extremely slow, because we found only 3% of ethene was hydrogenated 
into ethane over two months. No longer hydrocarbon species were detected during the 
ethene hydrogenation experiments by either nZVI or S-nZVI (Data not shown). It is 
possible that the ethene hydrogenation can be completed by nZVI or S-nZVI over long- 
term, however, it should be a remarkable slow process and therefore does not contribute 
significantly to the observed reduction of chlorinated ethenes within the time frame of 


this research (Mostly less than three months). 


Acetylene was extremely reactive, and its hydrogenation process by nZVI was 
even faster than that by S-nZVI (Figure 7.1). The kinetic model was proposed based on 
the assumption that the formation of ethene, ethane, and longer hydrocarbons were 
produced directly from acetylene as the only precursor (Figure 7.2). Kinetic modeling 
software package, Windows Scientist 3.0 (Micromath, Saint Louis, Missouri, USA) was 
used to fit the parent compound degradation and products formation based on the 
proposed kinetic pathway, and the reaction was assumed as pseudo-first-order kinetic 
reaction. The kinetic modeling results of acetylene hydrogenation by nZVI and S-nZVI 
were proved to be successful, which are shown in Figure 7.1. The distribution of products 
observed during the acetylene hydrogenation by nZVI is basically consistent with 
previous study 7°: when acetylene was completed removed measured at 125 min, the 
major products were ethene and ethane, with the yield of 11.9% and 3.7%, respectively. 
Longer coupling hydrocarbons were detected: C4 species yield was 4.1%, which was the 
highest yield among the longer hydrocarbons. C3, C5 and C6 species were also detected, 
with the yield of 0.9%, 0.8%, and 1.8%, respectively. However, around 75% C2 carbon 
mass could not be recovered by nZVI when acetylene was completed removed. Product 
formation of acetylene hydrogenation by S-nZVI was similar as that by nZ VI: major 
products were still ethene and ethane, the yield of which was 13.9% and 2.9%, 


respectively. Values of longer hydrocarbon species yields were relatively lower 
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compared to those by nZVI: C4 species yield was 3.0%, and C3, C5 and C6 yield was 
0.5%, 0.3% and 1.1%, respectively, yet C2 mass balance by S-nZVI when acetylene 
completely removed could be recovered to 40%. Another aspect should be noted is that 
after acetylene completely hydrogenated mediated by both nZVI and S-nZVI, continuous 
monitoring of reaction mixture for 2 months showed that no more ethane was formed and 
the amount of longer hydrocarbon species all kept unchanged over the 2-month period. 
Therefore, by summarizing the hydrogenation results, ethene is not the precursor of 
ethane or longer hydrocarbon species, and acetylene is the precursor of ethene, ethane 


and longer hydrocarbons. 
7.3.1.2 Tetrachloroethene (PCE) 


Figure 7.3(a) shows the PCE dechlorination and its daughter products formation 
as function of time. PCE dechloriation was a slow process by nZVI which took 
approximately 80 days to achieve 90% PCE removal. Kinetic modeling was conducted to 
assume the production of ethene and ethane via parallel formation pathway produced 
from acetylene. Acetylene was not detected during the PCE dechlorination mediated by 
nZVI owing to its extreme reactive property, which is commonly accepted as a reactive 
intermediate during the B-elimination pathway for chlorinated ethenes reductive 
dechlorination 7*: 47. In Section 7.3.1.1, we also proved that acetylene was the precursor 
of ethene, ethane, and longer hydrocarbon species. The degradation of PCE and 
formation of ethene and ethane were predicted well followed parallel pathway 
assumption. Table 7.1 shows the pseudo-first-order dechlorination rate constants, major 
product yields, and C2 mass recovery of different chlorinated ethenes by different types 
of nano iron materials when 10% of chlorinated ethenes left in the reactor. Unless 
otherwise noted, product yields in this study were measured when 90% of chlorinated 
ethene was consumed. As shown in Table 7.1, ethene and ethane were the major products 
of PCE dechlorination by nZVI, with the yield of 20.8% and 10.1%, respectively. Minor 
amount of TCE was formed during the initial reaction phase as the hydrogenolysis 
product, while TCE disappeared as the reaction proceeded. Longer chain hydrocarbon 


species (C3-C6 species) were produced during the PCE dechlorination process, with the 
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yield of 4.9%. DCE isomers and VC were not detected during the PCE dechlorination 
process. In summary, PCE dechlorination by nZVI primarily followed B-elimination, 
while because acetylene was extremely reactive, no acetylene was detected which was 


consumed immediately as it formed. 


PCE dechlorination was significantly enhanced by S-nZVI (S/Fe mole ratio at 
0.05), in which the pseudo-first-order dechlorinated rate constant was increased by a 
factor of 9 compared to PCE dechlorination by nZVI. The daughter product formation 
was mainly composed of ethene, ethane and longer hydrocarbons (C3-C6 species). The 
parallel pathway was used to model the production of ethene and ethane which was 
similar as PCE dechlorination by nZVI, and the kinetic model yielded satisfactory results 
(Figure 7.3(b)). However, the values of yields of ethene and ethane of PCE 
dechlorination by S-nZVI were notably higher than those by nZVI, which were 55.5% 
and 20.8%, respectively (Table 7.1). TCE, DCE isomers, and VC were not detected. 


Varied S/Fe mole ratios during S-nZVI synthesis process had significant impacts 
on TCE dechlorination rate and TCE dechlorination pathway, which was proved in our 
previous study. We also investigated the impact of varied S/Fe mole ratios on the 
reduction of other chlorinated ethenes by S-nZVI. Three different S/Fe mole ratios were 
used to synthesize S-nZVI, namely S-nZVI with the S/Fe mole ratios of 0.00125, 0.05 
and 0.5, respectively. As can be seen in Figure 7.4, when S/Fe mole ratios were at 0.05 
and 0.5, respectively, PCE dechlorination rates were closed, while when S/Fe mole ratio 
was at 0.00125, remarkable abatement of PCE dechlorination rate was observed in which 
PCE reduction by S-nZVI with S/Fe mole ratio at 0.00125 took around 50 days to 
achieve 90% of PCE removal (Figure $7.1). Major products of PCE dechlorination by S- 
nZVI with the S/Fe mole ratio at 0.05 and 0.00125 were ethene and ethane, modeled 
following the parallel formation pathway which is shown in Figure $7.1. The yields of 
major products of PCE degradation by S-nZVI with different S/Fe mole ratios were 
different (Table 7.2). Figure 7.5(a) shows that the yields of ethene, ethane and longer 
hydrocarbons of PCE dechlorination by S-nZVI with the S/Fe mole ratio at 0.5 were 
55.3%, 14.4% and 5.1%, respectively, and the yields of these three products were closed 
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to those by S-nZVI with the S/Fe mole ratio at 0.05. However, the yields of these three 
products were 20.5%, 7.4%, and 5.1% when the dechlorination was mediated by S-nZVI 
with the S/Fe mole ratio at 0.00125, and these values were closed to those by nZVI. 
Obviously the results strongly suggested that S/Fe mole ratio could affect yields of the 
major products as well as the dechlorination rates, which was similar as TCE 


dechlorination by S-nZVI with varied S/Fe mole ratio. 
7.3.1.3 trans-dichloroethene (trans-DCE) 


The reduction of trans-DCE by nZVI was the fastest among the selected 
chlorinated ethenes, which took around 13 days to remove 90% of trans-DCE, with the 
yield of ethene, ethane and longer hydrocarbons as 17.6%, 11.1% and 4.2%, respectively 
(Table 7.1). trans-DCE reduction by S-nZVI showed similar trend as TCE reduction by 
S-nZVI (S/Fe mole ratio at 0.05): Dechlorination of trans-DCE could be rapidly finished, 
and 90% trans-DCE removal could be achieved within 12 h, during which considerable 
acetylene formation was detected yet rapidly consumed as the reaction proceeded. The 
kinetic model to assume that acetylene was the precursor of ethene and ethane proved to 
be successful, which is shown in Figure 7.6 (b). The yields of ethene, ethane, and longer 
hydrocarbons were 34.6%, 7.3%, and 1.9%, respectively. The impacts of varied S/Fe 
mole ratios during the S-nZVI synthesis process on trans-DCE dechlorination showed 
similar trend as TCE dechlorination by S-nZVI with varied S/Fe mole ratios, and the 
trans-DCE degradation and products formation profiles as a function of time are shown 
in Figure $7.2. When S-nZVI with the S/Fe mole ratios of 0.05 or 0.5 was used to 
mediate the trans-DCE reduction, trans-DCE dechlorination rates were closed and had 
similar yields of major products, in which acetylene was produced and rapidly consumed 
as an intermediate. When S-nZVI with the S/Fe mole ratio at 0.00125 was used, the 
decrease of trans-DCE reduction rate was observed, and no acetylene formed during the 
dechlorination process. As indicated in our previous study, the formation of acetylene 
was the clear indication that an “enhanced f-elimination effect” was established, and 
accordingly the whole dechlorination process was accelerated. Also the yields of ethene 


and ethane by S-nZVI with S/Fe ratio at 0.5 and 0.05 were higher than those by S-nZVI 
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with the S/Fe ratio at 0.00125 and those by nZVI (Figure 7.5 (b) and Table 2). The 
mechanisms of trans-DCE dechlorination by S-nZVI were similar as the mechanisms of 


TCE dechlorination by S-nZVI. 
7.3.1.4 cis-dichloroethene (cis-DCE) 


The reduction of cis-DCE to 90% removal took approximately 20 days, as shown 
in Figure 7.7(a). The major products formed were ethene and ethane, with the yield of 


43.3% and 8.5%, respectively. 


The enhanced effect on cis-DCE dechlorination by S-nZVI (S/Fe mole ratio at 
0.05) was evident, although the enhancement effect occurred to a smaller extent 
compared to that on PCE, TCE and trans-DCE dechlorination, because the dechlorination 
rate constant of cis-DCE by S-nZVI increased a factor of approximately 3. The kinetic 
model to assume ethene and ethane formed in the parallel pathway following B- 
elimination could well predict the parent compound degradation and daughter products 
formation as shown in Figure 7.7. The yields of major products of cis-DCE 
dechlorination by S-nZVI were closed to those by nZVI, values of which were 46.7%, 
9.1%, and 4.3% for ethene, ethane, and longer hydrocarbons, respectively (Figure 7.5(c)). 
Interestingly, for cis-DCE reduction by S-nZVI synthesized with varied S/Fe mole ratios, 
the dechlorination rates were independent of S/Fe mole ratios because no significant 
improvement on dechlorination rates were achieved when S/Fe mole ratios increased 
from 0.00125 to 0.5 as shown in Figure 7.8. Also, the S-nZVI with varied S/Fe mole 
ratios almost posed negligible impact on the distribution and yields of major products 
because the yields of major products were basically same no matter which type of S- 


nZVI was used, which are shown in Figure 7.5(c) and Table 7.2. 
7.3.1.5 1,1-dichloroethene (1,1-DCE) 


The completion of 1,1-DCE took noticeable longer time compared to the other 
two kinds of DCE isomers. Interestingly we found that during the 1,1-DCE 
dechlorination, the yields of major products were extremely low, in which ethene yielded 


6.0%, ethane yielded 1.2%, and minor quantity of longer hydrocarbon species was 
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formed with yield of 1.1%. The remarkable slow 1,1-DCE dechlorination rate by nZVI in 
this research showed totally different trend compared to previous studies, because 
previous studies all reported that 1,1-DCE could be rapidly dechlorinated by either 
common types of commercial iron or titanium !'3-5°->!, Arnold and Roberts proposed 
that the reductive elimination of 1,1-DCE by electrolytic iron underwent through the a- 
elimination, in which 1,1-DCE dechlorination involved two electron a-reductive 
elimination with alkylidene carbene as the intermediate and alkylidene carbene was 
precursor of ethene **. However, compared to their results which stated that only ethene 
and ethane were observed and no longer hydrocarbon species were produced, we 
observed the formation of longer hydrocarbons, mainly composed of C4 and C6 species. 
Another noticeable difference compared to Arnold and Roberts result which assumed that 
ethene was the precursor of ethane, kinetic modeling followed the assumption that ethene 
and ethane produced from the same precursor proved successful in this research. 
Alkylidene carbene could possibly react with 1,1-DCE to form C4 species, yet it seemed 
not possible to be the precursor of ethane based on previous study **. Accordingly the 
distribution of products suggested that acetylene was still the precursor for ethene, ethane 
and longer hydrocarbons. However, it is still hard to infer whether the formation of 
acetylene was from a-elimination or B-elimination pathway. Acetylene could be produced 
directly through the B-elimination pathway, or could be possibly produced from 


alkylidene carbene owing to the rearrangement effect of alkylidene carbene *. 


The reduction of 1,1-DCE by S-nZVI could be completed within 4 days, 
achieving around 95% TCE removal (Figure 7.9(b)). Compared to the dechlorination 
mediated by nZVI, the pseudo-first-order dechlorination rate constant increased by a 
factor of 15 by S-nZVI. Even though the dechlorination rate was dramatically increased 
by S-nZVI, the yields of major products of 1,1-DCE dechlorination by S-nZVI were 
basically consistent with those by nZVI, which was still featured with extremely low 
yields of major products formation. The results indicated that when 10% of 1,1-DCE left 
in the reactor, the yields of ethene, ethane and longer hydrocarbons were 9.2%, 2.7%, and 
2.6%, respectively (Table 7.1). Figure 7.10 shows the 1,1-DCE dechlorination profiles by 


S-nZVI with varied S/Fe mole ratios, the results indicated that S-nZVI with different S/Fe 
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mole ratios could affect the 1,1-DCE dechlorination rates, while the impact of varied 
S/Fe moles ratio on 1,1-DCE dechlorination rates was not as strong as the cases of PCE, 
TCE and trans-DCE dechlorination by S-nZVI with varied S/Fe mole ratios. The 
dechlorination rate constant of 1,1-DCE by S-nZVI with the S/Fe mole ratio at 0.5 was 
merely slightly higher than the other two types of S-nZVI, and no dramatic reactivity 
abatement was observed when the S/Fe mole ratio dropped to 0.00125. The 1,1-DCE 
reduction by S-nZVI with S/Fe mole ratio at 0.00125 and 0.5 were featured with low 
yields of ethene and ethane formation as well, which are shown in Figure 7.5(d) and 


Table 7.2. 
7.3.1.6 Discussion 


Reduction of chlornated ethenes dechlorination by nZVI followed the order as 
PCE < 1,1-DCE < cis-DCE < TCE < trans-DCE based on the pseudo-first-order 
dechlorination rate constants (Table 7.1), and the reaction pathways for chlorinated 
ethenes by nZVI in this study was summarized in Figure 7.11. Previous research has 
studied the reduction of chlorinated ethenes by commercial iron and nanoscale iron, 
while no consistent trend of dechlorination rate with chlorination extent on chlorinated 
ethenes has been concluded. Johnson, et al '! systematically summarized the reduction of 
chlorinated ethenes by commercial iron and suggested that dechlorination rate decreased 
as chlorination decreased (c-DCE < 1,1-DCE < TCE < PCE), which indicated that 
reduction of chlorinated ethenes by microscale nZVI was under thermodynamic control 
because chlorinated ethene with higher chlorination extent was with higher reduction 
potential 7>->°, Arnold and Roberts suggested the opposite way based on their research 
results, suggesting the rate-limiting process involved the formation of di-o-bonded 
intermediate on the iron surface 77. Song and Carraway used laboratory synthesized nZVI 
and studied the reduction of chlorinated ethenes, and found that chlorinated ethenes 
dechlorination increased with decreasing chlorination, yet the mechanism of reduction of 
chlorinated ethenes was owing to the hydrogenation catalytic effect involving reactive 
hydrogen species adsorbed in the nZVI surface **. The reduction of chlorinated ethenes 


by nZVI based on in this research seemed to suggest that the dechlorination rate 
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increased with the decrease of halogenation, which accorded with Arnold and Roberts a 
and Song and Carraway’s >° observation, expect 1,1-DCE was extremely resistant to the 
dechlorination mediated by nZVI. However, compared to Song and Carraway’s results, 
we did not observe the catalytic hydrogenation effects on chlorinated ethenes reduction, 
because ethene was the predominant daughter product for all batches and ethene 
hydrogenation could not be completed over long term. Accordingly, the reasonable 
explanation for the rate-limiting step could possibly owing to the formation of bonded 
surface intermediate on the nZVI in this study. However it is still hard to find the rate- 
limiting step for 1,1-DCE reduction by nZVI. According to Arnold and Roberts 
proposition 7°, if the formation of di-o-bonded surface intermediate was the rate-limiting 
process, the reduction of 1,1-DCE should be a rapid process. Also, the reduction of 1,1- 
DCE by microscale nZVI was reported to be a rapid reduction process compared to two 
the reduction of other two DCE isomers, in contrast to our results *°. The kinetic 
modeling results suggested that for the reduction of all types of chlorinated ethenes by 
nZVI, acetylene was the precursor of ethene and ethane. Reduction of PCE, TCE, trans- 
DCE and cis-DCE, the reduction mainly followed B-elimination (Figure 7.11). 1,1-DCE 
reduction followed a-elimination, and the acetylene was the precursor of ethene and 
ethane. We also have confirmed that the acetylene is the precursor of ethene, ethare, and 
longer hydrocarbons, and ethene was not the precursor of ethane, which is different from 


Arnold and Roberts suggestion 7°. 


For reduction of chlorinated ethenes mediated by S-nZVI with the S/Fe ratio at 
0.05, the reduction rate order followed cis-DCE ~ PCE < 1,1-DCE < trans-DCE < TCE. 
Significant enhanced dechlorination effect on PCE, trans-DCE and TCE was achieved. 
Our previous study has confirmed that the effect of sulfidation is mainly associated with 
an enhanced enhanced f-elimination step and thus accelerates the overall dechlorination 
process if the particles have a high sulfur loading (i.e. prepared at a high S/Fe mole ratio). 
This process is featured with three distinctive characters: (1) significantly enhanced 
dechlorinate rate, (2) the accumulation of acetylene, and (3) high yield of sum of C2 
species (ethene, ethane and acetylene). Obviously, the enhancement on TCE and trans- 


DCE dechlorination was due to the “enhanced B-elimination effect.” No acetylene 
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formation was observed during the PCE dechlorination by S-nZVI, yet the modeling 
results suggest that acetylene was the precursor of ethene and ethane, meaning that 
acetylene might rapidly be consumed. Besides no observed acetylene formation, PCE 
dechlorination process fitted the other two characters. Therefore we still attributed the 
enhanced dechlorination effect on PCE to the establishment of “enhanced B-elimination 
effect” owing to the biphasic structure. For the reduction of 1,1-DCE and cis-DCE by S- 
nZVI under this synthesis condition, only dechlorination rate was increased while the 
distribution and yields of major products kept same compared to that by nZVI, indicating 
that the reduction of 1,1-DCE or cis-DCE by S-nZVI underwent same dechorination 
pathway compared to that by nZVI yet the binding capacity of contaminants on the S- 
nZVI might be enhanced because the the formation of surface-bound intermediate could 
be the possible rate-limiting step for chlorinated ethenes degradation based on 


degradation order of different chlorinated ethenes by nZVI. 


When S-nZVI with the S/Fe ratio at 0.00125 was used as the reducing agent for 
chlorinated ethenes reduction, the reduction order followed PCE < cis-DCE < 1,1-DCE < 
trans-DCE < TCE (Table 7.2). In our previous study, we found that when S-nZVI 
synthesized under low S/Fe mole ratio condition, the distribution and yields of major 
products stayed same compared to those by nZVI, indicating S-nZVI synthesized under 
this condition could not change the reaction pathways. For the reduction of the other four 
types of chlorinated ethenes in this research, we found that only the dechlorination rate 
was increased for each reaction batch yet no change of distribution and yields of major 
products were observed compared to the dechlorination process mediated by nZVI. 
Therefore, under this situation, the dechlorination still mediate by Fe(O) phase but the 


iron sulfide species may enhance the binding capacity of TCE on the S-nZVI. 
7.3.2 Reduction of Chlorinated Ethenes by Peerless™ Fe and S-Peerless™ Fe 


Table 7.3 shows the pseudo-first-order dechlorination rate constants, major 
product yields, and C2 mass recovery of different chlorinated ethenes by different types 
of Peerless iron when 10% of chlorinated ethenes was left in the reactor. The pseudo- 


first-order reduction rate constants of chlorinated ethenes by Peerless iron follows the 
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order as PCE < TCE < 1,1-DCE < trans-DCE. cis-DCE reduction by Peerless iron could 
be completed within 6 days yet the pseudo-first-order kinetic model failed to yield 
satisfactory fit (Figure 7.12). Ethene and ethane were still primary products by Peerless 
iron for each batch, while the yield of longer hydrocarbon species for each reaction batch 
was much higher than that by nZVI. Interestingly, 1,1-DCE reduction by Peerless iron 
underwent rapid dechlorination by Peerless iron, yet one similar aspect is that the major 


products were still with remarkably low yields compared to those by nZVI. 


Peerless'™ Fe after sulfidation process rendered interesting results about reduction 
of chlorinated ethenes compared to S-nZVI. It can be seen that significant enhanced 
dechlorination effect occurred to TCE dechlorination by S- Peerless™ Fe compared to 
Peerless™ Fe, also evident enhanced dechlorination effect on PCE was achieved by S- 
Peerless™ Fe (Figure 7.12(a) and (b)). For trans-DCE reduction, the dechlorination 
profile as a function of time by Peerless™ Fe with or without sulfidation process was 
almost same, suggesting that no specific enhancement effect was achieved for trans-DCE 
reduction by S- Peerless™ Fe. Only difference is that acetylene formation was observed 
by S- Peerless™ Fe. Strikingly, remarkable inhibition effect occurred to the cis-DCE and 
1,1-DCE dechlorination if Peerless™ Fe after sulfidation treatment, which is shown in 
Figure 7.12 (c) and (d). XPS analysis results show that iron sulfide (FeS) were formed on 
the Peerless™ Fe after surface sulfidation treatment, and results of which were similar as 
nZVI after sulfidation treatment process. However, small amount of copper (Cu) was also 
detected on the Peerless™ Fe surface after the acid-wash process (Figure $7.5). Rapid 
dechlorination of three DCE isomers by Peerless™ Fe without sulfidation process could 
be possibly owing to the existence of Cu on the Peerless™ Fe, because previous studies 
have suggested that Cu could perform as the hydrogenation catalyst, which was able to 
speed up the contaminants degradation rate and yield with saturated products *->”°6!. 
However, as pointed out by several studies, metal catalysts were particularly sensitive to 
sulfide, a fouling agent which could rapidly deactivate the catalysts °'*, Accordingly, 
after sulfidation treatment, Cu could be deactivated by sulfide to form CuS, resulting in a 
decreased rate in cis-DCE and 1,1-DCE degradation. Evidence to substantiate this 


proposition is the distribution of products: The hydrodechlorination of PCE, TCE, and 
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three DCE isomers could be completed by Peerless™ Fe, which yielded as the ethane as 
the predominant product with a yield of more than 95% when chlorinated ethenes were 
completely removed for each reaction batch. However, the hydrodechlorination of PCE, 
TCE and DCE isomers could not be finished by S- Peerless™ Fe based on 1 year 
monitoring results, in which the ethene was the predominant product and no more ethane 
formation was observed after chlorinated ethenes were completely dechlorinated. A 
separate cis-DCE dechlorination experiments was conducted by Cu-nZVI and sulfided 
Cu-nZVI (Denoted as S-Cu-nZVJ), and the synthesis method of Cu-nZVI and S-Cu-nZVI 
was described in Support Information. The dechlorination results by Cu-nZVI and S-Cu- 
nZVI is shown in Figure S7.6, and indicated that dechlorinated rate by Cu-nZVI was 
faster than that by S-Cu-nZVI, and the predominant product of cis-DCE dechlorination 
by Cu-nZVI was ethane, while ethene was primary product by S-Cu-nZVI when cis-DCE 


was compared dechlorinated. 
7.3.3 Reduction of Chlorinated Ethenes by BASF™ Fe and S- BASF™ Fe 


We conducted sulfidation surface treatment process on BASF™ Fe, including 
initial acid-wash and subsequent sulfidation surface treatment process. PCE, TCE and 
cis-DCE were selected as the model contaminants to assess the iron material reactivity 
after the sulfidation process. Unlike the Peerless iron contains copper impurity, BASF™ 
Fe features with highly purity of iron without other metal impurities, and the major 
contents of BASF™ Fe used in this research are listed in Table $7.1. Similar trend for 
reduction of chlorinated ethenes by S-BASF iron was observed compared to nZVI with 
and without sulfidation treatment process. S- BASF™ Fe could enhance the PCE and 
TCE dechlorination rates, yet no evident enhancement effect was observed during the cis- 


DCE reduction, which are shown in Figure 7.13. 
7.3.4 Reactivity of Particles Aged in Groundwater Media and Air 


The chemical stability of S-nZVI with S/Fe mole ratio at 0.05 was evaluated by 
aging the particle in aqueous solutions of groundwater solutes for 24 h and for 1 month. 
As shown in Figure 7.14(a), no significant reactivity loss was observed for S-nZVI after 1 


day aging process. Aging S-nZVI for a longer period of time (1 month) in the same 
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solutions resulted in a moderate loss of reactivity compared to those aged for 1 day, 
expect in the case of nitrate that caused completely deactivation of particles for TCE 
degradation. By comparing the TCE degradation reactivity by Pd-Fe bimetallic 
nanoparticles (Pd-Fe BNPs) aged for 1 day (Figure 7.14(b)), Pd-Fe BNPs underwent 
rapid deactivation when BNPs aged in the presence of different common groundwater 
solutes even though the freshly-made Pd-Fe BNPs had remarkable high TCE degradation 
rate. In contrast, no significant reactivity loss was observed for S-nZVI subject to the 


same aging conditions. 


Fresh-prepared S-Peerless'™ Fe was exposed to air for up to 6 months to assess its 
stability in atmospheric environment. We found that air exposure for up to 6 months did 
not affect particle reactivity (Figure $7.7). Several research papers have stated that, in 
order to preserve the reactivity of ZVI materials, particles need to be stored in an 
anaerobic environment. The results suggested that the surface sulfidation process could 
help to preserve the reactivity of commercial ZVI, which would simplify iron 


storage/handling procedures. 
7.4. Implications for Subsurface Remediation 


The surface sulfidation treatment process has been conducted on three different 
types of iron materials, including laboratory synthesized nZVI and another two types of 
commercial iron. The study suggests that nZVI after sulfidation treatment process 
possessed enhanced reactivity for all selected chlorinated ethenes compared to unamend 
nZVI, and commercial iron after sulfidation could enhance TCE and PCE dechlorination 
yet showed some inconsistent trend to the DCE isomers degradation compared to S-nZVI. 
However, taken together the dechlorination results of these three types of iron materials, 
iron materials after surface sulfidation treatment have unique selectivity to enhance TCE 
and PCE dechlorination. Considering the fact that TCE and PCE are widespread 
groundwater contaminants and they are the parent compound of DCE isomers, the 
sulfided iron materials are suitable for treating for DNAPL of chlorinated ethenes source 
zones. As DNAPL composed of chlorinated ethenes evolves, DCE isomers might be 


produced as the intermediates owing to the biotic or abiotic degradation. Our results 
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suggested that S-nZVI could enhance the dechlorination rates of all selected chlorinated 
ethenes, and this advantage makes that S-nZVI is suitable for treating the chlorinated 


ethenes DNAPL in different stages. 


Besides the finding that surface-sulfided iron possesses remarkably higher 
reactivity in reductive dechlorination of chlorinated ethenes, sulfided iron materials 
exhibit improved aqueous/air stability than conventional monometallic or bimetallic iron 
materials. They represent an alternative form of ZVI materials that can overcome the 
intrinsic limitations of conventional ZVI including rapid passivation and low reactivity in 
the absence of catalyst additives. The proposed surface treatment method is simple and 
involves inexpensive chemical reagents, and the process can be readily scaled up for pilot 
or large-scale implementations. The study also suggests for the first time that this facile 
surface treatment protocol can be extended to commercially available ZVI (Peerless iron 
and BASF iron) to achieve enhanced dechlorination performance. Furthermore, air- 
exposure experiments suggest that the reactive properties of surface sulfided iron can be 
preserved in air for a long period of time, saving the use of sophisticated instruments or 
handling procedures during the production, transfer, and use of these reactive iron 


materials. 
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Figure 7.1. Acetylene hydrogenation by (a) nZVI, and (b) S-nZVI. Sulfidation was 
conducted at an S/Fe mole ratio of 0.05. Inserted shows the formation of longer 
hydrocarbons (sum of mole of C3, C4, C5 and C6 species detected in the reactor in terms 
of C2 mass balance). Initial mass of acetylene was 14 umol. Nanoparticles dose was at 5 
g/L for two batches. Initial pH was between 7.8-8.1. 
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Figure 7.2. Proposed acetylene hydrogenation pathways mediated by nZVI and S-nZVI. 
Longer hydrocarbons represent the sum of mole of C3, C4, C5 and C6 species detected in 
the reactor in terms of C2 mass balance. 
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Figure 7.3. PCE dechlorination by (a) nZVI, and (b) S-nZVI (S/Fe mole ratio at 0.05). 
Nanoparticles dose was at 5 g/L for each reaction batch. Initial pH was between 7.8-8.1. 
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Figure 7.4. PCE dechlorination by S-nZVI synthesized at different S/Fe mole ratios. 
Initial PCE mass was around 6 umol for each batch. Nanoparticles dose was at 5 g/L. 
Initial pH was between 7.8-8.1. 
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Figure 7.5. Yields of ethene and ethane upon dechlorination of different chlorinated 
ethenes by S-nZVI prepared at varied S/Fe mole ratios. Products yields were determined 
when 90% of the parent compounds were consumed in the reaction system. Dose of 
particles was 5 g/L for each reaction batch. Initial pH was between 7.8-8.1. 
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Figure 7.6. trans-DCE dechlorination by (a) nZVI, and (b) S-nZVI (S/Fe mole ratio at 
0.05). Initial trans-DCE mass was 6 pmol. Dose of particles was at 5 g/L. Initial pH was 
between 7.8-8.1. 
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Figure 7.7. cis-DCE dechlorination by (a) nZVI and (b) S-nZVI (S/Fe mole ratio at 0.05). 
Dose of particles was at 5 g/L. Initial pH was between 7.8-8.1. 
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Figure 7.8. Degradation of cis-DCE by S-nZVI synthesized at different S/Fe mole ratios. 
Initial cis-DCE mass was 6 umol. Dose of particles was at 5 g/L. Initial pH was between 
7.8-8.1. 
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Figure 7.9. 1,1-DCE dechlorination by (a) nZVI and (b) S-nZVI (S/Fe mole ratio at 0.05). 
Dose of particles was at 5 g/L. Initial pH was between 7.8-8.1. 
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Figure 7.10. 1,1-DCE by S-nZVI synthesized at different S/Fe mole ratios. Dose of 
particles was at 5 g/L. Initial pH was between 7.8-8.1. 
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Figure 7.11. Proposed reduction pathways of chlorinated ethene by nZVI and S-nZVI. 
For PCE reduction, because only minor quantity of TCE was formed, so a dash arrow 
was used to indicate TCE formation was only a minor pathway. 
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Figure 7.12. Reduction of chlorinated ethenes by S-Peerless™ iron and Peerless™ iron 
after acid-wash treatment. (a) PCE, (b) TCE, (c) cis-DCE and (d) 1,1-DCE. Iron dose was 
at 10 g/L for all batches. Initial pH was between 7.8-8.1. 
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Figure 7.13. Rate constants of PCE, TCE and cis-DCE dechlorination by S-BASF™ iron 
and BASF™ iron pre-washed by HCl. The rate constant was calculated based on a 
pseudo-first-order kinetic model. Mass of initial PCE, TCE and cis-DCE were 6 umol. 
Iron dose was 10 g/L. Initial pH was between 7.8-8.1 
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Figure 7.14. (a) TCE dechlorination rate constant by S-nZVI aged for 1 day and 1 month 
in aqueous solutions containing different groundwater solutes. (b) Comparison of 
aqueous aging effect on nZVI, S-nZVI, and Pd-Fe BNPs. The pH of aging solution and 
TCE solution was between 7.8-8.1. nZVI and S-nZVI particles dose was at 5 g/L, 
whereas Pd-Fe BNPs were used at 2 g/L. 


234 


Texas Tech University, Yanlai Han, August 2016 


Table 7.1. Pseudo-first-order rate constants, products yield, and C2 mass recoveries for 
chlorinated ethenes by nZVI and S-nZVI (S/Fe mole ratio at 0.05) 


Materials Contaminants Products Yield (%)* C2 Mass recovery (%)” ky, (10° min)’ R°* 
nZVI PCE Ethene 20.8 42.3 0.020 0.9979 
Ethane 10.1 
Acetylene 0.0 
C3-C6 49 
S-nZVI PCE Ethene 55.5 85.2 0.182 0.9525 
Ethane 20.8 
Acetylene 0.0 
C3-C6 7.2 
nZVI TCE Ethene 17.2 36.0 0.073 0.9848 
Ethane 6.5, 
Acetylene 0.0 
C3-C6 Sif 
S-nZVI TCE Ethene 42.7 68.5 5.400 0.9918 
Ethane 10.1 
Acetylene 5.7 
C3-C6 7.0 
nZVI t-DCE Ethene 17.6 39.7 0.122 0.9803 
Ethane 11.1 
Acetylene 0.0 
C3-C6 4.2 
S-nZVI t-DCE Ethene 34.6 49.8 3.000 0.9982 
Ethane 7.3 
Acetylene 0.4 
C3-C6 1.9 
nZVI c-DCE Ethene 43.3 62.5 0.066 0.9474 
Ethane 8.5 
Acetylene 0.0 
C3-C6 6.9 
S-nZVI c-DCE Ethene 46.7 64.4 0.173 0.9795 
Ethane 9.1 
Acetylene 0.0 
C3-C6 4.3 
nZVI 1,1-DCE Ethene 6.0 18.0 0.035 0.9812 
Ethane 1.2 
Acetylene 0.0 
C3-C6 1.1 
s-nZVI 1,1-DCE Ethene 9.2 24.3 0.505 0.9981 
Ethane 2.7 
Acetylene 0.0 
C3-C6 2.6 


* Product yiled calculated when 10% of chlorinated ethenes left in the reactor. Mass balance in terms of C2 mass (i.e. , 
1.5 mol of TCE = 1 mole C3Hg, 2 mol of TCE = | mole C4Hjo). ° Pesudo first-order rate constant. “R? value of linear 


relationship based on pesudo- first-order kinetic model 
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Table 7.2. Pseudo-first-order rate constants, products yields, and C2 mass recoveries for 
chlorinated ethenes by S-nZVI sulfided at different S/Fe mole ratios 


Materials Contaminants Products Yield (%)" C2 Mass recovery (%)” kj, (10° min'')°  R”® 
S-nZVI (S/Fe PCE Ethene 55.3 77.2 0.663 0.9926 
moke ratio at Ethane 14.4 
0.5) Acetylene 0.0 

C3-C6 5.1 
S-nZVI (S/Fe PCE Ethene 20.5 38.2 N.A. N.A. 
mole ratio at Ethane TA 
0.00125) Acetylene 0.0 

C3-C6 5.1 
S-nZVI (S/Fe  t-DCE Ethene 40.2 54.2 3.122 0.9818 
moke ratio at Ethane 10.2 
0.5) Acetylene 4.2 

C3-C6 5.5 
S-nZVI (S/Fe t-DCE Ethene 11.3 26.2 2.430 0.9903 
moke ratio at Ethane 3,2 
0.00125) Acetylene 0.0 

C3-C6 4.2 
S-nZVI (S/Fe c-DCE Ethene 45.2 70.9 0.155 0.9876 
mole ratio at Ethane 12.2 
0.5) Acetylene 0.0 

C3-C6 9.6 
S-nZVI (S/Fe c-DCE Ethene 32.6 51.8 0.171 0.9943 
moke ratio at Ethane 8.1 
0.00125) Acetylene 0.0 

C3-C6 5.2 
S-nZVI (S/Fe 1,1-DCE Ethene 8.6 20.4 0.597 0.9898 
moke ratio at Ethane 2.2 
0.5) Acetylene 0.0 

C3-C6 1.9 
S-nZVI (S/Fe  1,1-DCE Ethene 7.8 21.2 0.396 0.9963 
moke ratio at Ethane 3.6 
0.00125) Acetylene 0.0 

C3-C6 1.7 


“Product yiled calculated when 10% of chlorinated ethenes left in the reactor. >Mass balance in terms of C2 mass 
(ie. , 1.5 molof TCE = 1 mole C3Hg, 2 mol of TCE = 1 mole C4Hy,). © Pesudo first-order rate constant. Re 


value of linear relationship based on pesudo-first-order kinetic model. PCE reduction by S-Peerless iron (S/Fe mole 
ratio at 0.00125) fails to yield satisfactory pesudo-first-order linear fit. 
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Table 7.3. Pseudo-first-order rate constants, products yield, and C2 mass recoveries for 
chlorinated ethenes by Peerless'™ iron and S-Peerless™ iron 


Materials Contaminants Products Yield (%)* C2 Mass recovery (%)” k,,. (day7)° RS 
Peerlessiron PCE Ethene 37.5 90.7 0.0517 0.9979 
Ethane 33.6 
Acetylene 0.0 
C3-C6 17.6 
S-Peerless iron PCE Ethene 6.4 94.5 0.3054 0.9525 
Ethane 1.7 
Acetylene 72.1 
C3-C6 13.7 
Peerlessiron TCE Ethene 54.9 89.3 0.1267 0.9873 
Ethane 16.2 
Acetylene 0.0 
C3-C6 17.3 
S-Peerless iron TCE Ethene 5.7 68.5 1.5667 0.9435 
Ethane 1.4 
Acetylene 82.3 
C3-C6 10.0 
Peerlessiron  t-DCE Ethene 19.7 53.8 0.3895 0.998 
Ethane 6.7 
Acetylene 0.0 
C3-C6 22.0 
S-Peerless iron t-DCE Ethene 16.4 66.3 0.3964 0.9986 
Ethane 4.8 
Acetylene 35.3 
C3-C6 5.6 
Peerlessiron c-DCE Ethene 68.3 99.7 N.A. N.A. 
Ethane 14.3 
Acetylene 0.0 
C3-C6 17.1 
S-Peerless iron c-DCE Ethene 50.0 72.8 0.0261 0.9819 
Ethane 9.7 
Acetylene 2.9 
C3-C6 7.1 
Peerlessiron  1,1-DCE Ethene 11.3 25.8 0.3464 0.9901 
Ethane 3.4 
Acetylene 0.0 
C3-C6 5.7 
S-Peerless iron 1,1-DCE Ethene 9.5 20.0 0.1104 0.9993 
Ethane 0.8 
Acetylene 0.0 
C3-C6 0.9 


* Product yiled calculated when 10% of chlorinated ethenes left in the reactor. ®Mass balance in terms of C2 
mass (i.e., 1.5 mol of TCE=1 mole C3Hg, 2 mol of TCE = 1 mole C,H,,). ‘ Pesudo first-order rate constant. aR? 


value of linear relationship based on pesudo-first-order kinetic model. cis-DCE reduction of Peerless iron 
fails to yield satisfactory pesudo-first-order linear fit. 
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7.5 Supporting information 
Cu-nZVI synthesis method: 


Nanoscale zero-valent iron (nZVIJ) particles were synthesized via borohydride reduction 
of an aqueous solution of ferric ions. Briefly, 10.8 g of FeCl3-6H2O (Fisher) were 
dissolved in a 500-mL solution mixture of distilled de-ionized (DDI) water and ethanol 
(1:1, v/v). 500 mL of 0.4 M NaBHg solution (Acros Organics) was introduced to the 
ferric solution at approximately 17 mL/min under a vigorous mixing condition, during 
which the ferric solution turned black due to the formation of colloidal-sized iron 
particles. The particles formed were collected by vacuum filtration and were stored in 
ethanol for further use. Cu-nZVI particles were prepared by immersing the freshly 
prepared nZVI with an ethanol/water (1:1, v/v) solution of copper chloride (Acros 
Organics) and ultrasonicating the mixture for 5 min. The mass loading of Cu with respect 
to iron was fixed at 2% for all Pd-Fe BNPs. DDI water used in all procedures, including 
particle synthesis, aging and TCE experiments, was deoxygenated by purging with No for 


30 min. 
Cu-S-nZVI synthesis method 


S-nZVI was first obtained according to the synthesis method described in Section 7.2.2. 
S-nZVI particles were collected by vacuum filtration and were stored in ethanol for 
further use. Cu-S-nZVI particles were prepared by immersing the freshly prepared S- 
nZVI with an ethanol/water (1:1, v/v) solution of copper chloride (Acros Organics) and 
ultrasonicating the mixture for 5 min. The mass loading of Cu with respect to iron was 
fixed at 2% for all Pd-Fe BNPs. DDI water used in all procedures, including particle 


synthesis, aging and TCE experiments, was deoxygenated by purging with N2 for 30 min. 
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Figure $7.1. PCE dechlorination by S-nZVI prepared at an S/Fe ratio at (a) 0.5, and (b) 
0.00125, respectively. Nanoparticle dose was 5 g/L. Initial pH was between 7.8-8.1. For 
(b), PCE dechlorination and major products formation could not be fitted well with the 
kinetic model. 
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Figure S7.2. trans-DCE dechlorination by S-nZVI prepared at an S/Fe ratio at (a) 0.5, 
and (b) 0.00125, respectively. Nanoparticle dose was 5 g/L. Initial pH was between 7.8- 
8.1. 
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Figure $87.3. cis-DCE dechlorination by S-nZVI prepared at an S/Fe ratio at (a) 0.5, and 
(b) 0.00125, respectively. Nanoparticle dose was 5 g/L. Initial pH was between 7.8-8.1. 
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Figure S7.4. 1,1-DCE dechlorination by S-nZVI prepared at an S/Fe ratio at (a) 0.5, and 
(b) 0.00125, respectively. Nanoparticle dose was 5 g/L. Initial pH was between 7.8-8.1. 
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Figure S7.5. XPS survey spectrum of as-received Peerless™ Fe. 
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Figure S7.6. (a) Reduction of cis-DCE by Cu-nZVI, S-nZVI and S-Cu-nZVI, and (b) 
products formation during cis-DCE dechlorination by Cu-nZVI. Mass of cis-DCE was 6 
umol. Nanoparticles dose was at 5 g/L. Initial pH was between 7.8-8. 
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Figure $7.7. TCE dechlorination by S-Peerless™ iron exposed to air for different 
amount of time. Particles dose was at 10 g/L. Initial pH was between 7.8-8.1. 
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Table $7.1. Elemental composition of BASF™ iron powder* 


Composition of BASF CIP CC iron Content 

powder (%) 

Fe >97.8 

C <0.75-0.90 

N <0.65-0.90 

O <0.15-0.40 
“Value provided by BASF 
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Table $7.2. Pseudo-first-order rate constants of TCE degradation rate constant of S-nZVI (S/Fe mole ratio at 0.05) aged in 


aqueous for | day and for 1 month, respectively 


kobs (min’') aged for 1 


kobs (min’') aged for 1 


Materials day month 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5 mM Cl 0.0043 0.0017 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5 mM NO3 0.0043 N.A. 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5mM DDI water 0.0040 0.0011 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5 mM SO3” 0.0039 0.0023 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5 mM SO,” 0.0032 0.0016 
S-nZVI (S/Fe mole ratio at 0.05) aged in 5 mM phosphate 0.0023 0.0007 
S-nZVI (S/Fe mole ratio at 0.05) aged in 20 mg/L humic 

acid 0.0042 0.0011 
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CHAPTER EIGHT 
Conclusions and Future Research Recommendations 


8.1 Conclusions 


The overarching goal of this dissertation was to investigate the deactivation 
mechanisms of iron-based BNPs in groundwater media and develop reactive and 
sustainable iron-based materials for the remediation of chlorinated ethenes. The aqueous 
stability and deactivation of iron-based BNPs mechanisms were studied, and the 
reactivity and stability of a new type of ZVI material were investigated. The main 


findings and conclusions obtained are summarized as follows: 


First, an optimized nZVI synthesis protocol was developed and two facile but 
sensitive methods were proposed to evaluate the nZVI reactivity. The established 
synthesis protocol suggests that, for the experiment setup employed in this lab, the most 
reactive nZVI could be obtained at a ferric chloride concentration of 0.08 M, a molar 
ratio of NaBH, to FeCl; of 5:1, a NaBHs feeding rate at 17 mL-min’! and a stirring speed 
of 650 rpm. Another important finding was that reduction of Cu(ID) and nitrate could be 
used as probing reactions to evaluate the reactivity of nZVI. It was noted that the nitrate 
reduction method is effective only at a dilute concentration because a higher nitrate 


concentration could cause severe passivation of the iron surface. 


Subsequently, the research was focused on iron-based bimetallic iron 
nanoparticles (BNPs) because of their superior reactivity compared to nZVI in simple 
aqueous systems, but there is limited knowledge on their performance in realistic 
groundwater matrices. The effects of common groundwater solutes on TCE reduction 
with Ni-Fe BNPs were investigated. Batch experiments involved pre-exposing the 
nanoparticles to various groundwater solutions for 24 h followed by reactions with TCE 
solution. The results suggest that the deactivation behavior of Ni-Fe BNPs differs 
significantly from that of the well-studied Pd—Fe BNPs. Specifically, Ni-Fe BNPs were 
chemically stable in pure water. Mild decreases in TCE reaction rates were observed for 
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Ni—Fe BNPs pre-exposed to chloride (CI), bicarbonate (HCO3), sulfite (SO37°) and 
humic acid solutions. Nitrate (NO3), sulfate (SO47’) and phosphate (HPO.”) may cause 
moderate to severe deactivation at elevated concentrations (>1 mM). Product analysis and 
surface chemistry investigations using high-resolution X-ray photoelectron spectroscopy 
(HR-XPS) reveal that NOz decreased particle reactivity mainly due to progressive 
formation of passivating oxides, whereas SO,” and phosphate elicited rapid deactivation 
as a result of specific poisoning of the surface nickel sites. At similar levels, phosphate is 
the most potent deactivation agent among the solutes examined in this study. Compared 
to the Pd-Fe counterpart, Ni-Fe BNPs possess several notable strengths that include 
improved electrochemical stability in the aqueous environment and good chemical 
resistance to common solutes in groundwater such as chloride, bicarbonate, and dissolved 
organic matter. These attractive attributes suggest that Ni-Fe is a more viable material 
than the palladized iron materials for hydrodechlorination of chlorinated ethenes in 


groundwater remediation and wastewater decontamination applications. 


To understand the mechanistic causes of solute-induced deactivation, carbon 
isotope fractionation analyses of TCE degradation by different types of Ni-Fe BNPs were 
conducted, and épuix values of TCE degradation were found to be an useful indication of 
the catalytic activity of Ni sites on Ni-Fe BNPs. The analyses of carbon isotope 
fractionation of TCE and major daughter products including ethene and ethane suggest 
that TCE undergoes predominantly a dichloro-elimination pathway on Ni-Fe BNPs and is 
transformed to ethane via ethene and a surface intermediate. Taken together the carbon 
mass balance trend during TCE hydrodechlorination, a “dual pathways” kinetic model 
was proposed, in which a fraction of TCE is transformed into ethane via ethene and the 
remaining TCE is converted into ethane through surface reactions. Good fittings of 
experimentally measured TCE degradation and major product formation data to the 


model were obtained. 


The mechanisms of Pd-Fe BNPs deactivation in the presence of different 


groundwater solutes were investigated based on the TCE degradation rates, the 
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distribution of daughter products, and stable carbon isotope fractionation measurements. 
Based on the apparent TCE degradation rates and at a constant solute concentration of 

5 mM (except for humic acid, which was dosed at 20 mg/L), Pd-Fe BNPs exposed to 
SO4?, HPO.”’, and humic acid solutions showed moderate declines in TCE 
dechlorination rates. Aging the bimetallic particles in Cl, SO3”, HCO3,, and NOx 
solutions, however, resulted in excessive or complete loss of TCE dechlorination 
reactivity. Analyses of the isotope fractionation associated with TCE hydrodechlorination 
(€TcE HDC) as well as the yield of ethane over other dechlorination products suggest at 
least four distinctive causes of deactivation: (i) aging the BNPs in deionized water and 
humic acid induces surface passivation due to buildup of mineral or organic carbon 
deposits; (ii) SO3* and CI ions interact specifically with Pd sites and disable the catalyst 
functions; (itt) NO3 and HCOsz inhibit iron corrosion, thereby limiting the production of 
H2 as the precursor of reactive hydrogen species, and (iv) selective deactivation of 
surface sites involved in ethene hydrogenation was observed for BNPs aged in SO,” and 
HPO,” solutions. The findings suggest the Pd-on-Fe configuration of the bimetallic 
particles is susceptible to deactivation in a broader range of groundwater chemistry than 


previously expected. 


The susceptibility of BNPs to passivation or catalyst poisoning calls for an 
alternate type of ZVI material that is more resistant to environmental passivation and at 
the same time, maintains good reactivity towards the target contaminants. In this regard, 
sulfided nZVI (S-nZVI) showed enhanced dechlorination effects for PCE, TCE and all 
DCE isomers. Furthermore, surface sulfidation treatment was also applied to two 
common types of commercial iron, and it was found that sulfidation of BASF iron 
powders could enhance their TCE and PCE dechlorination rates significantly, but 
reactivity with cis-DCE was not improved to an appreciable extent. Treatment of Peerless 
iron could enhance TCE and PCE degradation, but interestingly, inhibit cis-DCE and 1,1- 
DCE degradation. The latter observation is owing to the unique surface chemistry of 
Peerless iron containing a minute amount of cooper as surface impurity and also an 


adventitious catalyst. Sulfidation of Peerless iron likely results in the poisoning of the 
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surface Cu species. Importantly, aging experiments indicate that S-nZVI and S-Peerless 
iron both had good chemical stability in groundwater media and in the atmospheric 


environment compared to the bimetallic iron materials. 


Taken together the above results, surface sulfidation treatment of nanoscale or 
bulk iron materials is particularly effective for enhancing the reactivity of iron towards 
TCE and PCE dechlorination. Considering the fact that TCE and PCE are widespread 
groundwater contaminants and they are the parent compounds of DCE isomers, these 
sulfided iron materials represent an alternative and effective form of ZVI materials for 
subsurface remediation of chlorinated contaminants. The proposed surface treatment 
method is simple and involves inexpensive chemical reagents, and the process can be 
readily scaled up for pilot or large-scale implementations. Aging experiments involving 
immersing S-nZVI in solutions containing common groundwater solutes or exposing S- 
Peerless iron to air clearly show that the iron materials after sulfidation process have 
remarkable stability to retain the dechlorination reactivity. The study also suggests for the 
first time that this facile surface treatment protocol can be extended to commercially 
available ZVI (e.g., Peerless iron and BASF iron) to achieve enhanced dechlorination 
performance. From a practical point of view, the observed good resistance against 
aqueous and atmospheric deactivation of various sulfided iron would save the use of 
sophisticated instruments or handling procedures during the production, transfer, and use 


of these reactive iron materials. 
8.2 Future Research Recommendations 


In order to advance the nZVI technology for subsurface remediation, two 


directions of further studies are proposed. 
8.2.1 Interactions of nZVI with Microorganisms in the Subsurface Environment 


The interactions of nZVI and iron-based bimetallic nanoparticles (BNPs) with 
common groundwater constituents (e.g., Cl’, NO3,, and nature organic matters) have been 
intensively investigated '?. Subsurface environments feature a relatively low level of 


dissolved oxygen (DO) compared to surface water and hosts various microorganisms, 
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such as denitrifying bacteria, sulfate-reducing bacteria and iron-reducing bacteria. 
Therefore, the interactions of nZVI with different microorganisms cannot be ignored 


when nZVI is used for subsurface remediation. 


As indicated in the Chapter 6.1, the formation of passivation layer on nZVI is a 
serious technical limitation for field applications, and many efforts have been conducted 
to overcome this intrinsic drawback. The use of chemical reducing agent (e.g., dithionite 
(S204”)) has been demonstrated to be able to restore the reductive capacity of passivated 
nZVI, and the principle is that dithionite can reduce Fe(IID) to ferrous iron Fe(II). The 
application of dithionite has been successfully applied to restore passivated iron phase to 
degrade trichloroethene (TCE) for in situ remediation +. Based on this principle, iron- 
reducing bacteria is able to reduce Fe(III) oxides under a reducing environment which 
might possibly restore the passivated nZVI. The interaction of nZVI in the subsurface 
with iron-reducing bacteria may help retain the nZVI reactivity and prolong the nZVI 


longevity. 


Besides zero-valent iron materials, iron sulfides have been shown to degrade 
chlorinated ethenes >. Iron sulfides can participate under anaerobic conditions in natural 
environments and in engineered zero-valent iron systems designed for groundwater 
remediation in subsurface environment by sulfate-reducing bacteria. This research shows 
convincingly that an “FeS on Fe(0)” structure could enhance the degradation rates of 
chlorinated ethenes. In the subsurface and sediment environment, dissimilatory microbial 
SOx” reduction is an active microbial activity with the formation of S*. S* can 
potentially react with Fe(0) and result in the formation of FeS. If FeS can be formed on 
nZVI surface, it may enhance its reactivity with chlorinated ethenes. Also, this SO” 
reduction can also potentially restore the reactivity of passivated nZVI as discussed in 
Chapter 6. In summary, it is of great interest to identify the specific biogeochemical 
conditions of the subsurface environment where the nZVI is located. Even though the 
groundwater anions could impair the nZVI longevity, the microbial activity may possibly 


restore the nZVI reactivity. 
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8.2.2 Target Delivery Study of S-nZVI 


S-nZVI has shown its great reactivity for PCE and TCE degradation compared to 
the unamend nZVI, and good stability in the groundwater media compared to BNPs. The 
TEM study indicates that S-nZVI prepared using the “post-synthesis sulfidation” method 
has a similar structure as nZVI, and the particles tend to agglomerate together. Therefore, 
it is of interest to study the behavior of S-nZVI coated with polymers, and investigate the 


corresponding transport behavior of polymer coated S-nZVI through the porous media. 
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